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ABSTRACT
Effect of Boundary Conditions on Propagation and Morphology
of Premixed Flames in Narrow Conduits
Orlando J. Ugarte-Almeyda
Boundary conditions play a key role in the evolution and morphology of flame fronts, especially
when combustion occurs in narrow chambers. The burning intensity and the flame-generated
flow can be significantly modified by the momentum and energy transferred at the walls, which
are further modified by the exothermal nature of the process. In this work, the effect of the wall
roughness and thermal conditions on the flame propagation is explored. Specifically, conduits
with and without obstacles, having adiabatic or isothermal walls, are investigated.
Wall friction constitutes one of the main reasons of spontaneous flame acceleration in narrow
pipes. Although this phenomenon has been intensely studied, the researchers have focused on the
mechanistic scenario of the combustion intensification, induced by the wall friction, putting less
emphasis on the heat exchanged at the walls. In this study, besides the adiabatic condition, the
surfaces have been kept at multiple constant temperatures in order to explore the wall thermal
effects on the burning process, recognizing its potential to diminish or even quench the reaction.
Moreover, the inclusion of solid obstacles at the pipe walls provides a mechanism of extremely
fast flame acceleration, which is driven by an intense jet-flow generated by the delayed
combustion occurring between obstacles. In this work, the flame dynamics promoted in the
obstructed configuration is analyzed, comparing the attained acceleration rates to other
mechanisms such as that generated by the wall friction and the so-called finger flame evolution.
For this purpose, a parametric study provided by extensive fully-compressible numerical
simulations of the combustion and hydrodynamic equations is performed. The geometry is
primary given by 2D channels, although cylindrical ‘smooth’ tubes have been also considered.
The wall conditions include non-slip walls and slip walls with obstacles; adiabatic and
isothermal, with the fuel characterized by the thermal expansion coefficient. Four regimes of
flame propagation in isothermal ‘smooth’ channels have been identified, for flames propagating
a distance around 100-150 times the flame thickness: (i) no flame propagation or extinction; (ii)
linear flame velocity; (iii) almost-constant flame propagation speed; and (iv) oscillating flame
velocity. In the obstructed configuration, the developing of turbulent and laminar combustion
regimes at the early stages of the process have been identified in relation to the obstacles size and
spacing, including a finger flame-like limit when small enough obstacles are in place.
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1. Introduction
Combustion is a chemical reaction where oxidation of a fuel takes place. This oxidation event,
however, has a component that makes it different from other oxidation reactions: heat is released
during the process, raising the fuel temperature and facilitating the reaction, making combustion
a self-sustained process.
Combustion of fossil fuels is largely the main source of power generation in the present time [1].
In spite of the continuously increasing usage of renewable energy sources, projections suggest
that liquid fuels, coal and natural gas will represent more than 75% percent of the energy sources
in 2040, as illustrated in Figure 1.1 [1]. Applications of combustion-related technologies can be
found in numerous fields such as industry (steam production, metallurgy) and propulsion
systems (vehicles, airplanes, rockets). In this sense, the number of problems associated with its
operation is also significant: environmental damage as a result of the products of combustion,
safety issues due to uncontrolled burning, lack of fuel availability necessary to keep the pace of
current energy consumption, etc. This situation demands higher standards of burning efficiency
and control, which relies on a better understanding of the combustion phenomenon.

Figure 1.1 World energy consumption and prediction by fuel type, 1990-2040 [1].
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From the scientific point of view, combustion is one of the most challenging topics to deal with.
The oxidation of the fuel occurs through a chain of a large number of chemical reactions and
physical mechanisms, each one associated with a particular time and length scale. Moreover, the
interaction of the generated flow with the chemistry component of the event can be attained at
either laminar or turbulent conditions, determining substantial changes on the burning process.
Combustion can be classified according to how the fuel and the oxidizer are arranged before
reacting in: premixed and non-premixed combustion. Premixed combustion is characterized by
the mixing of the fuel and the oxidizer before the ignition; spark ignition engines are one of the
most known examples of this combustion type. In non-premixed combustion, the fuel and the
oxidizer remain separated before entering the burning zone, the mixing of gases is given by
molecular or turbulent diffusion only, the Diesel engine being one of the most used applications
of this type.

1.1

Flame Dynamics in Premixed Combustion

In the present work, the attention is restricted to premixed combustion. The self-sustained
mechanism in this case is illustrated schematically in Figure 1.2.

Figure 1.2. Illustration of the mechanism of premixed flame propagation.
As observed in Figure 1.2, the heat released in the reaction zone is transferred to the nearby fueloxidizer mixture by thermal conduction. As a result, the mixture is heated and ignited after
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reaching a certain temperature, also releasing heat to the surrounding and carrying the flame
towards the fresh fuel mixture. The burning region, including the active reaction zone, where
heat and light are released, constitutes the flame. This type of combustion shows a remarkable
dependence of the reaction rate on temperature, e.g. increasing the fuel temperature by a factor of
two might lead to reaction rates 10-12 orders of magnitude larger.
In premixed combustion, the comparison of the attained flame propagation velocity to the speed
of sound allows the following sensitive distinction:
1) Deflagration: the flame propagation velocity in this case is less than the speed of the
sound, with typical values around 1 m/s [2]. In this case, the reaction is driven by thermal
conduction.
2) Detonation: characterized by a fast, supersonic regime, with typical flame propagation
velocities around 2000 m/s [2]. In this case, the reaction proceeds due to shock waves,
compressing and preheating the fuel mixture, determining conditions for the combustion
reaction away from the flame front.
The typical propagation velocities characterizing these regimes show that the detonation front
propagates two to four orders of magnitude faster than that of the deflagration. Under certain
conditions, spontaneous acceleration of a propagating flame results in a deflagration-todetonation transition (DDT) event. The DDT is a fundamental combustion problem, considered
one of the most relevant unsolved problems in combustion science [2]. The underlined
differences between the deflagration and detonation regimes make DDT a powerful
phenomenon, very dangerous in those scenarios where it has not been predicted or controlled yet
(e.g. accidental explosions observed in mines), but with a great technological potential, as
currently observed in pulse detonation engines.
Some concepts of the flame dynamics can be learned from Figure 1.3. In there, results of the
analysis done by Zeldovich and Frank-Kamenetski [3] are shown, where the flame is assumed to
propagate keeping a planar shape. The temperature, density, flow velocity and fuel mass fraction
distribution have been scaled by the fuel and burned matter temperatures (𝑇𝑓 and 𝑇𝑏 ), burned
matter density (𝜌𝑏 ) and the laminar flame velocity (𝑈𝑓 ), respectively, along the domain defined
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by the scaled position 𝑧⁄𝐿𝑓 , where 𝐿𝑓 is the flame thickness, conventionally defined as 𝐿𝑓 =
𝜐⁄𝑈𝑓 𝑃𝑟.

a)

b)
Figure 1.3. a) Scaled temperature of a planar flame propagation. b) Distribution of the scaled
density (1), flow velocity (2) and fuel fraction (3) [4].
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The temperature profile shows the temperature increase associated with the energy released at
the reaction zone, around 𝑧⁄𝐿𝑓 = 0 (top). The flame propagation is driven by the thermal
expansion experienced by the burning matter (characterized by the factor Θ), with the density
and flow velocity distributions showing a temperature dependence given by 𝜌 = 𝜌𝑓 𝑇𝑓 ⁄𝑇 and
𝑣𝑓 = 𝑈𝑓 𝑇⁄𝑇𝑓 (bottom). The heat transferred to the fresh mixture determines the smooth
transition observed in the vicinity of the reaction zone, with exception of the temperature
distribution case, where a step function is considered:

1  (  1) exp( z / L f ), z  0
T z  / T f  
.
z0
,

(1)

This analytical description does not apply if more realistic elements are taken into consideration,
e.g. flame fronts experiencing corrugation, which produce faster flame propagation than planar
flames as a result of the larger flame surface area attained.

1.2

The Importance of Micro Combustion

In the recent time, some of the most important technology applications and manufacturing
development have been moving toward smaller length scales. Examples of them include
miniature satellites and unmanned air vehicles, which are used for the monitoring of diverse
activities such as traffic flow [5], agriculture [6], environment [7], etc., besides their original
military purpose.
In this sense, it should be addressed that the development of such new technologies is limited by
its power source, which should be able to fit not only its geometry needs, but typical power
source characteristics such as been long-lived, inexpensive, safe, etc. This situation makes
combustion at small length scales very important, since the energy densities of hydrocarbon fuels
are much greater than, for example, batteries – the only alternative at present when the device
size is further reduced (Figure 1.4). The large energy density of fossil fuels has conveyed an
associated advance in fabrication techniques of micro electro-mechanical systems (MEMS),
Figure 1.5, although the building of a working MEMS engine has not been possible up to date,
that the author is aware of.
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Figure 1.4. Gravimetric and volumetric energy densities of diverse materials [8-14]

Figure 1.5. Micro turbine rotor [15], left. Rotary internal combustion engine [16], right.
However, fabrication is not the only problem when developing MEMS engines. The combustion
process in small scales also provides a wide range of difficulties and problems to solve. For
example, according to the ‘cube-square’ law [17], the power system should be able to generate
more power per unit mass as the length scale of the device is reduced. Namely, considering a
constant air mass flow in the power system, the generated power depends basically on this flow
value, since the burning process determined by chemical reactions is scale-independent. The
flow varies with the cross section area, and the system mass with the system volume, which
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yields an inverse proportionality between the power density and the system length scale,
specifically: 𝑃𝑜𝑤𝑒𝑟𝑠𝑦𝑠. ⁄𝑚𝑎𝑠𝑠𝑠𝑦𝑠. ∝ 𝐴𝑐𝑟𝑜𝑠𝑠 𝑠𝑒𝑐𝑡𝑖𝑜𝑛 ⁄𝑉𝑠𝑦𝑠. ∝ 1⁄𝐿, where 𝐿 is the system length
scale. Therefore, the power density should increase as the system size is reduced. In reality,
however, keeping the air flow constant becomes more difficult as the engines get smaller, due to
the larger effect of the fluid friction, heat losses and radical quenching at the surfaces. Figure 1.6
[8] shows the power density of a simplified tubular combustor in relation to its length scale,
where the tendency provided by the ‘cube-square’ law and that including convective losses are
compared, along with the thermal efficiency.

Figure 1.6. The power density, calculated by the ‘cube-square’ law (dotted) and by including
convective losses (solid), and efficiency (dashed) of a simplified combustor are shown in relation
to its length scale (l) and freely propagating flame thickness (𝐿𝑓 ). Results are based on a fuel
with specific energy value of 44 MJ/kg, laminar flame speed 𝑈𝑓 = 42 cm/s, and flame thickness
𝐿𝑓,𝑤 = 1 mm [8].
The power density predicted by the ‘cube-square’ law holds until the combustor length reaches
the meso-scale region, which is characterized by heat loss rates comparable to the heat generated.
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Moreover, the efficiency curve shows a dramatic reduction around this region, including a
thermodynamically inviable condition as the combustors size is further decreased. Although
results of Figure 1.6 are not quantitatively accurate, due to the simplifications considered, it does
show the importance of understanding the heat and momentum transfer to the combustor
boundaries in order to achieve efficient and reliable power micro-combustion systems. The
necessity is related to the developing of materials that can overcome these limitations as well as a
better understanding of the combustion process and flame morphology at the conditions found in
micro-scale and meso-scale combustors. The present investigation is focused on the latter.

1.3

The Scope of this Investigation

In this study, the effects of the chamber boundary conditions on the flame propagation dynamics
are explored. For this purpose, a parametric study has been performed by numerical means,
which includes two chamber configurations:
1) Channels and tubes with nonslip walls, subjected to adiabatic and isothermal conditions.
In this configuration, the flame propagation and morphology are explored in relation to
the wall thermal conditions, comparing the effect of multiple constant wall temperatures
on the flame propagation, including the adiabatic case. These effects are investigated
regarding the energy released by the fuel mixture during the combustion process,
characterized by the fuel thermal expansion.
2) Obstructed channels, considering adiabatic and isothermal surfaces as well. The flame
propagation is investigated in relation to the obstacles-channel geometry, determining its
influence on the flame dynamics attained in the early stage of the process. A comparison
between the flame acceleration obtained in this configuration and the produced in the
previous ‘smooth’ conduits is also considered.
This manuscript has been organized as follows: Chapter 2 presents a literature review, where
theory relevant to this investigation is described; Chapter 3 presents the methodology, including
the set of hydrodynamics and combustion equations solved numerically, a description of the grid
domain and boundary conditions of the two configurations investigated, as well as the validation
of the numerical results; Chapter 4 presents the results of the parametric study, and Chapter 5 the
conclusions and future work sections.
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2. Literature Review
The deflagration-to-detonation transition (DDT) can be generated by an intense expansion of the
burning mixture which, acting as a piston, promotes a spontaneous reaction in the fresh fuel
ahead of it [18]. Zeldovich et al. [19] described the DDT in tubes as a sequence of stages, starting
with the acceleration of the flame front. This accelerated front pushes weak shocks, which after
interacting between them, are combined into stronger shock waves that compress and heat the
fresh unburnt mixture ahead of the flame front. This generates an explosion in the region limited
by the flame front and the leading shock, producing detonation. The process is illustrated
schematically in Figure 2.1.

A flame is
accelerated

Compression
and heating
of cold gas

Shock
waves are
produced

Explosion/
Detonation

Figure 2.1. The DDT stages as described by Zeldovich et al. [19].
Attempts to scrutinize the DDT scenario have inspired a continuous research of the mechanisms
that accelerate the propagation of the flame front, which is the onset of the whole process
described above. From experimental observations in tubes, where DDT was first observed, to
numerical studies, where the DDT stages were further revealed, a big effort has been devoted to
improve the understanding of these mechanisms. Thus, spontaneous acceleration observed in
tubes have been related to flame instabilities, turbulence, acoustic effects and the features of the
geometric configuration of the chamber and wall conditions. In the following sections, a brief
review of the studies related to these mechanisms is presented.

2.1. Effect of Turbulence on the Flame Dynamics
The burning process is coupled to the flame shape in such a way that larger flame front areas
provide faster burning rates. Therefore, a turbulent flow interacting with a burning domain will
increase the flame propagation velocity by corrugating (and increasing) the flame surface,
leading to flame acceleration.
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In spite of the intrinsic difficulties that turbulent flow possesses, it has been possible to establish,
at least qualitatively, different regions of the interaction of the combustion process with the
external turbulent flow. These regions are presented in the Barrere-Borghi diagram, Figure 2.2,
in terms of the turbulent intensity 𝑈𝑡𝑢𝑟𝑏 (the root-mean-square velocity in one direction) and the
integral turbulent length 𝐿𝑡𝑢𝑟𝑏 , scaled by the planar flame velocity, 𝑈𝑓 , and the flame thickness,
𝐿𝑓 , respectively.

Figure 2.2. Regimes of turbulent combustion [4].
Region 1 is related to low Reynold numbers 𝑅𝑒 = 𝑈𝑡𝑢𝑟𝑏 𝐿𝑡𝑢𝑟𝑏⁄𝜈 < 1, which indicates a decaying
turbulent regime. By increasing the length scale of the flow (but keeping low turbulent intensity)
Region 2 is approached, where a transition from a laminar to a wrinkled flame can be noticed.
Although a turbulent combustion regime is attained here, it is not responsible for the corrugation
of the flame which occurs due to the flame instabilities. In Region 3, which is associated with
turbulent flamelets, the turbulent flow corrugates the flame shape strongly at large length scales;
however, the internal structure and transport properties remain laminar. In terms of practical
applications, this is the most interesting regime, since it is the typical scenario for car engines
and gas turbines operation. Region 4 is characterized by a more intense turbulence flow, which is
able to modify the transport coefficients after penetrating the internal flame structure, generating
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a thicker flame. Finally, in the well stirred reactor regime, a very intense turbulent flow is
obtained, where the burning zone does not exhibit a “front” anymore.

2.2. The Darrieus-Landau Instability
Darrieus (1938) [20] and Landau (1944) [21] investigated the hydrodynamic instability of
premixed flame fronts in gaseous fuel mixtures. This instability is driven by the thermal
expansion resulted from the exothermal reaction. The analysis established that an infinitely thin
flame front would be absolutely unstable against any perturbations on it. Consequently, at a
linear stage, the flame corrugations will grow exponentially in time, distorting the flame front
and accelerating it, as the reaction surface area is enlarged.
Pelce and Clavin [22] extended this analysis to flames of finite thickness, noticing the thermal
stabilizing role that the internal flame structure plays on the development of the Darrieus-Landau
instability. The mechanism is illustrated schematically in Figure 2.3, namely, heat fluxes within
the flame front of thickness 𝐿𝑓 converge to the convex regions, making them warmer and thereby
accelerating their propagation. In contrast, heat fluxes towards the concave regions diverge,
moderating their propagation. Cumulatively, this reduces the flame surface area, playing a
stabilizing role against the Darrieus-Landau instability.

Figure 2.3. Thermal stabilization of the Darrieus-Landau instability. Courtesy of V. Bychkov.
This analysis leads to the concept of a cutoff (threshold) length scale, associated with the
Darrieus-Landau instability. Specifically, a planar flame front can propagate in tubes of width
smaller than the cutoff length scale, given by the instability linear theory. When the width
11

exceeds this cutoff value, the flame becomes curved and propagates faster in a steady or quasisteady manner [23, 24]. Clavin and Garcia [25] obtained a complete derivation of the linear
dispersion relation, including the effects of diffusion varying with temperature and direction,
viscosity, equations of state and other transport coefficients. Kobayashi and Kawazoe [26]
observed that the effect of the Darrieus-Landau instability leading to flame front acceleration is
possible in the absence of rigid walls, obstacles or other significant perturbations, at large
Reynolds numbers (103 − 105 ).
However, when including limited hydrodynamic length scales (as in tubes and channels), and
when considering realistic density drop at the flame front, the flame acceleration generated by
this mechanism is too weak, and the associated time scale is too short to trigger detonation [27].

2.3. Flame-Acoustic Interactions
Closed chambers provide conditions for flame-acoustic interactions. In these geometries, very
common in industrial applications, the flame dynamics and the combustion instabilities are
coupled to the imposed and flame-generated pressure waves. In this sense, it is possible to
distinguish two types of pressure waves: weak shocks, if the time needed for the sound to
traverse the chamber is longer than the characteristic flame dynamics time; and acoustic waves if
it is smaller [4].
The effect that the pressure waves have on the flame dynamics can be understood, for example,
from the experimental results obtained by Searby [28]. In this work, the experimental setup
generated a flame propagating from an open top to a closed bottom of a vertical tube. It was
noticed that the flame propagation was conditioned by the flame velocity, namely, for flame
velocities less than 16 𝑐𝑚⁄𝑠, the propagation included no sound, and the flame shape remained
almost planar as a result of the gravity stabilizing effect. By increasing the flame
velocity, 16 𝑐𝑚⁄𝑠 < 𝑈𝑓 < 25 𝑐𝑚⁄𝑠, the flame became curved at the upper part of the tube as a
result of the Darrieus-Landau instability, producing a further increment on the flame propagation
velocity and generating sound waves.
When faster flame velocities were considered, 25 𝑐𝑚⁄𝑠 < 𝑈𝑓 < 40 𝑐𝑚⁄𝑠, cellular structures
appeared at the flame front, close to the tube end. These cellular structures oscillated faster than
the acoustic period, proving to be a consequence of the parametric instability regime of the flame
12

front in a field generated by the acoustic waves. The sound wave amplitude, in turn, was strongly
increased, confirming the coupling of the flame to sound waves. Finally, faster flame velocities
resulted in a transition to a turbulent regime, and a consequent velocity increase (up to 750cm/s).

2.4. The Finger Flame Model
Clanet and Searby [29] presented a set of experiments where it was possible to identify another
flame acceleration mechanism, the so-called ‘finger flame’ model. The idea was based on
observations of flame propagation in tubes with an anisotropic character in the early stages. The
experimental setup included a tube with one end open and the other closed, ignited at the
intersection of the closed end and the tube axis. The flame propagation approached a finger
shape (Figure 2.4), with four distinctive stages. First, the flame propagates at a constant velocity
with a hemispherical shape. Second, the propagation develops faster in the axial direction,
forming a finger shape on the flame front. Third, the finger flame acceleration stops when the
‘skirt’ of the flame reaches the side wall. Fourth, the flame decelerates, it turns into an almost
planar shape and eventually becomes the so-called ‘tulip flame’. Although the acceleration rate
obtained in this process was quite high, it lasted for a very short time.

Figure 2.4. ‘Finger’ flame model of flame propagation.
Bychkov et al. [30] developed an analytical formulation for the finger flame model, determining
the growth rate, time scales of the different stages and increment of the flame surface area.
Numerical results included in the study also showed the deceleration stage with the occurrence of
the “tulip flame” structure. As observed in [29], the acceleration phase described by this flame
propagation was found to be very short in time, vanishing once the flame reaches the tube walls
and restricting this acceleration mechanism to the early stages of burning only. The analytical
expressions for the characteristic time scales of the different stages were proposed as follows:
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a) The time at which a hemi-spherical flame shape is replaced by a finger form:

tsphere  R f / 2 U f ,

(2)

where 𝑅𝑓 = Θ𝑈𝑓 𝑡 is the radius of the flame front, Θ the thermal expansion coefficient, 𝑈𝑓 the
planar flame velocity and 𝜙 = √Θ(Θ − 1).
b) The time when the ‘skirt’ of the flame touches the wall:
t wall 

Rskirt     
,
ln 
2 U f     

(3)

with 𝑅𝑠𝑘𝑖𝑟𝑡 = (Θ𝑅𝑓 ⁄𝜙) tanh(𝜙𝑈𝑓 𝑡 ⁄𝑅𝑓 ) being the radius of the flame front.
c) The formation of the ‘tulip flame’:

ttulip  t wall  tinv ,

(4)

where 𝑡𝑖𝑛𝑣 = 𝜎 −1 𝑅𝑓 ⁄𝑈𝑓 , 𝜎 = 2𝜙 = 2√Θ(Θ − 1) is the flame acceleration growth rate
identifying the exponential increase in the corrugated flame speed 𝑈𝑤 ∝ exp(𝜎𝑈𝑓 𝑡⁄𝑅 ). A
comparison of this formulation to the experimental results of Clanet and Searby [29] is shown in
Figure 2.5.

Figure 2.5. Comparison of the time scales of the flame propagation stages observed in finger
flames, as predicted analytically (solid) and found experimentally (markers) [30].
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2.5. The Shelkin Mechanism of Flame Acceleration
An explanation of the spontaneous flame acceleration observed in tubes was suggested by
Shelkin [31]. It was proposed that as the flame front propagates from a closed tube end, a flow in
the fresh mixture is generated by the thermal expansion of the burning matter. The flow is
restricted at the walls by frictional forces therein and, as a result, the flame front area is enlarged,
intensifying the combustion and accelerating the flame front.
For a long time, the developing of a theory out of Shelkin’s work was not possible, since the
flame acceleration attained by this mechanism generates turbulent flow regimes, which along
with the reacting character of the process, provides a very difficult problem, currently unsolved
(see some details in Sec. 2.1).

2.5.1. The Laminar Flame Approximation
In an investigation conducted in 2000, Brailovsky and Sivashinsky [32] described the DDT
events by using quasi-one-dimensional model combustors. With the help of rough tubes, they
suggested that the compression and preheating of the fresh mixture near the propagating flame
front, caused by hydraulic resistance at the walls, may produce localized thermal explosions.
Later, Kagan and Sivashinsky [33] proposed that the DDT could be explored in laminar
environments. In this sense, the authors considered a two-dimensional channel with adiabatic
walls, keeping the width thin enough to ensure that only laminar flows were generated. The
results showed that, in addition to the previous detonation mechanism, an accelerating tulip
flame was formed which promotes a secondary detonation. Moreover, Ott et al. [34] conducted a
study on flame acceleration and observed how laminar flames and laminar boundary layers in
narrow tubes were capable of promoting exponential increases in flame propagation velocities
versus time. The role of the flow generated by the gas expansion ahead of the flame front was
found to be like a piston, creating pressure / expansion waves as the flow was accelerating /
decelerating.
These relatively recent works have been the onset of several investigations on flame acceleration
using laminar flame approximations. As mentioned before, a key piece when exploring DDT
events is the understanding of the mechanism that makes flame to accelerate beyond the laminar
flame speed, hence the importance of a simplified model to explore these mechanisms.
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2.5.2. Laminar Flame Acceleration produced by Wall Friction
Based on the Shelkin explanation of flame acceleration, Bychkov et al. [35] developed a
formulation to describe the acceleration of flames propagating in one-end open channels, ignited
at the closed end, considering adiabatic nonslip walls and realistic values of thermal expansion
coefficients Θ = 𝜌𝑓𝑢𝑒𝑙 𝑚𝑖𝑥𝑡 ⁄𝜌𝑏𝑢𝑟𝑛𝑡 𝑚𝑎𝑡𝑡𝑒𝑟 . The work was able to predict the initially exponential
state of acceleration, the flame shape and the velocity profile of the generated mixture flow. The
formulation also concluded that the acceleration rate decreases with the Reynolds number related
to the flame propagation. On the contrary, the flame acceleration was found to be enhanced by
larger thermal expansions. Akkerman et al. [36] extended the analysis [35] to the case of
cylindrical tubes, formulating analytical expressions to describe the flame dynamics. These
works were validated by numerical simulations.
The fuel mixture flow velocity, generated by the expanding burning matter, were obtained as:

u z ,channel  (  1)U w
u z ,cyl  (  1)U w

cosh   cosh( r / R)
,
cosh    1 sinh 

(5)

I 0 (  )  I 0 (  r / R)
,
I 0 ( )  2 1 I1 ( )

(6)

for channels [35] and cylinders [36], respectively. The associated flame acceleration rates were
given by
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(8)

where 𝑈𝑤 ∝ exp(𝜎𝑈𝑓 𝑡⁄𝑅 ), 𝜇 = √𝜎𝑅𝑒, with 𝑅𝑒 = 𝑅𝑈𝑓 ⁄𝜐 the Reynolds number related to the
flame propagation; 𝐼0 (𝑟) and 𝐼1 (𝑟) are the modified Bessel functions of zeroth and first orders.
Figure 2.6 shows a comparison of the results obtained in [35] and [36] analytically and
numerically. The flow velocity profile, as given by Equation (5), is scaled by the channel width
𝑅 and the instantaneous maximum flow velocity 𝑈𝑚𝑎𝑥 (attained at the centerline); the flame
acceleration rates are presented for various 𝑅𝑒.
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a)

b)
Figure 2.6. a) Velocity profile of the unburned mixture, given by Equation (5) [35]. b)
Acceleration rate versus the Reynolds number related to the flame propagation. Dashed and solid
lines are given analytically by Eq. (7) and Eq. (8). Empty and filled markers represent the
calculated acceleration rates from the simulations of channels and axisymmetric tubes,
respectively [35, 36]
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Three stages of spontaneous flame acceleration, in two-dimensional (2D) channels, with one end
open, were determined by Valiev et al. [37], starting at low flame speeds (𝑈𝑓 ≈ 10−3 𝑐, where 𝑐
is the speed of the sound): first, an exponential acceleration in a quasi-isobaric regime; second, a
nearly linear increase in the flame velocity; third, a saturation to a steady high-speed deflagration
velocity, which could correlate with the Chapman-Jouguet deflagration velocity. The study [37]
addressed the role of the gas compression ahead and behind the flame front in the establishment
of these regimes.
Akkerman et al. [38] explored, numerically and analytically, the differences in the dynamics of
the flame evolution attained in cylindrical tubes and 2D channels with adiabatic walls, including
one and both ends open. In 2D open channels, initially planar flame fronts became concave and
oscillate regularly. Concave flame fronts in open tubes turned to convex form after the first
oscillation, which was followed by an exponential acceleration. The criterion for such a
difference was related to the thermal expansion and combustion configurations, establishing a
critical value of the thermal expansion ratio Θ𝑐 that separated the accelerating from the
oscillating character of the flame.

2.6. Ultra-Fast Flame Acceleration in Obstructed Conduits
Within the investigation of pulse detonation engines (PDE), where the control over the
deflagration to detonation transition is very desirable, Roy et al. [39] proposed the inclusion of
regular and irregular obstacles inside the combustors to promote DDT, obtaining detonation
waves with the fuel mixture ignited by a low-energy source. Cicarelli et al. [40] performed
experiments to investigate the effect of the obstacle size and spacing in early stages of flame
acceleration in tubes. The authors concluded that the effect of the space between obstacles is
important only when the obstacle size is large. In this case, the strongest flame acceleration was
reported when the space between the obstacles was equal to the tube diameter. Also, it was
noticed that the folding of the flame is the controlling mechanism of the initial flame
acceleration.
Bychkov et al. [41] provided a mathematical description of the extremely strong flame
acceleration observed experimentally in [39] and [40]. The formulation [41] related this
acceleration, much stronger than that produced by non-slip walls, to a powerful jet-flow
produced by delayed combustion in the region between obstacles (‘pockets’). This investigation
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provided expressions for the exponential acceleration rate, and it was compared to the
experimental results of Cicarelli et al. [40] and to numerical simulations performed in the same
work [41]. The flame propagation resembled the finger flame evolution, but with the acceleration
lasting much longer, i.e. without terminating with the flame skirt touching the side wall.

Figure 2.7. Flame propagation in obstructed channels as described by Valiev et al. [42].
Temperature (top) and Velocity (bottom) distribution, Θ = 8, Δ𝑍⁄𝑅 = 0.25, 𝛼 = 2⁄3.
The work [41] was further extended by Valiev et al. [42], Figure 2.7, which also included
cylindrical chambers. As in the wall friction mechanism, the flame velocity was found to saturate
to a quasi-steady value, supersonic in the laboratory reference frame, which could be correlated
with the Chapman-Jouguet deflagration speed. Analytical expressions for the evolution of the
flame tip position 𝑍𝑓 in two-dimensional channels [41] and axisymmetric cylinders [42] were
given by

Z f , channel
(1   ) R
Z f , cylinder
(1   ) R








exp(U f t / R)  1 ,
 1




exp(U f t / R)  1 .
2(  1)



(9)



(10)

In these expressions, the blockage ratio 𝛼 characterizes the size of the obstacles as a fraction of
the radius/half-width R. Similar to the previous sections, Θ represents the thermal expansion of
the fuel mixture, 𝑈𝑓 the planar flame velocity and 𝜎 the acceleration growth rate, which was
found to be bigger for the axisymmetric cylindrical case than that for the planar channel [42]:
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2.7. Flame Propagation in Non-Adiabatic Tubes and Channels
Since the combustion process is characterized by the occurrence of multiple phenomena in a very
short time, it seems reasonable to separate effects such as the momentum and energy transfer at
the chamber boundaries by considering, i.e., adiabatic conditions, as undertaken in most
theoretical and numerical studies on laminar flame acceleration in tubes and channels. Energy
losses at the walls have been accounted primarily when studying combustion extinction, flame
shape and propagation, and flame stability. However, non-adiabatic conditions have not been
extensively included in the exploration of accelerating flame regimes because of the mitigating
effect that heat losses to the walls produce on the combustion course. Since this investigation is
dedicated to micro-tubes, it could be expected that the heat transfer process at the walls would be
an important component of the analysis, strongly modifying the different mechanisms of flame
acceleration related to wall conditions.
Hackert et al. [43] investigated near-suppressing conditions of laminar flames in parallel plates
and cylindrical ducts. The numerical investigation focused on the shape and propagation of the
flame in relation to the chamber geometry and heat loss rates at the walls. The obtained
quenching criterion established a proportion between the Peclet number (relating the pipe width
to the flame thickness) and the square root of the overall heat loss coefficient, with the radiation
inside the channel playing a rather opposite role, inhibiting quenching.
Daou and Matalon [44] examined, analytically and numerically, the flame propagation in twodimensional channels, considering heat losses at the walls by thermal conduction and a
prescribed Poiseuille flow of variable intensity. The attention was focused on the extinction
conditions in relation to the chamber dimensions, specifically, two modes of combustion
extinction were observed: 1) flame extinction in narrow channels (channel width less than 15𝐿𝑓 )
due to excessive heat losses; and 2) partial flame extinction in wider channels. The heat losses
magnitude was found to be proportional to the square of the channel width. Moreover, the
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direction of the flow also proved to be relevant. When it was directed towards the burned gas, the
gas was more susceptible to the heat losses. In contrast, the flame was less sensitive when
directing towards the fresh mixture.
In order to study combustion characteristics and flame stability at different operating conditions,
Norton and Vlachos [45] modeled micro-burners of variable thickness and thermal conductivity.
The results showed transverse gradients of temperature and reaction rate along these small
widths. Isothermal wall conditions were approached when thick walls and/or larger thermal
conductivities were employed. Also, conditions for flame stability as a function of the wall
thermal conductivity and flow rate were identified.
Kagan et al. [46], investigated numerically the premixed flame propagation in 2D, semi-infinite
channels, including isothermal wall conditions. The study extended previous investigations
considering adiabatic conditions, where the hydraulic resistance was found to promote DDT
[32]. When isothermal wall conditions were in place, it was noticed how the preheating of the
fuel gas produced by the hydraulic resistance was mitigated as a result of the heat lost to the
walls, making DDT inviable. However, the study [46] obtained conditions for DDT when the
combustion kinetics was modeled as bimolecular, as a result of the higher sensitivity of the
reaction to the pressure and temperature changes.
The effect of heat losses in propulsion devices were investigated by Gamezo and Oran [47]. In
this work, numerical simulations were performed, considering 2D narrow channels, with one end
open. Three thermal boundary conditions were used: adiabatic, isothermal and walls modified by
different heat transfer coefficients, which represented diverse insulating materials. The results
showed that the gas outflow velocity was reduced when the heat losses were bigger, pointing out
the importance of the appropriate insulating material selection for propulsion devices operating
at laminar conditions.

2.8. Combustion Characteristics once DDT is triggered
Once the detonation is triggered, the combustion process is significant modified, as mentioned in
Section 1. In tubes, it is produced after the acceleration of the flame propagation, which
determines conditions for the formation of a detonation wave that propagates at a supersonic
speed [19].
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The detonation is initiated by the adiabatic ignition of the fuel mixture ahead of the flame front,
produced by the shock wave. This initiation, in turn, is closely connected to the fuel composition,
wall conditions and combustion regime [19], e.g. the initiation time can vary significantly with
the flame propagation direction, being sooner when the flame moves from the closed end of the
tube to the open one than in the opposite direction. Detonations can be characterized by the cell
size 𝜆 [48], which is a length parameter of detonations with transverse structure, as seen in
Figure 2.8.

Figure 2.8. Schematic of the evolution of a cellular detonation front, as described by the
trajectory of the triple points (e.g. A, B, C and D). Cell parameters cell size 𝜆 and cell length 𝐿𝑐
are also shown [49] .
The cell size is typically measured by performing experiments and numerical simulations [50],
and it is an indicator of the fuel composition sensitivity to the process, where smaller values are
related to most detonable compositions [49]. Moreover, the possibility of a detonation initiation
has been correlated to the value of the cell size, as a characteristic of the fuel mixture [51].
The cell width 𝜆 has been also related to the detonation reaction zone width 𝛿 with the purpose
of being able to obtain 𝜆 from detailed chemical kinetic calculations. Many attempts to establish
a correlation between these two parameters, 𝜆 and 𝛿, have been done on the basis of the
Zeldovich-Von Neumann-Doring (ZND) model [52], where the reaction zone width can be
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found, e.g., by considering the location of the maximum gradient of temperature behind the
leading shock [52].
Although the ZND model can capture the effects of the detonation ‘static’ parameters such as
temperature, pressure and fuel composition on the cell width 𝜆, at least qualitatively, a
correlation 𝜆⁄𝛿 based on this model is not reliable, because of its dependence on the fuel
composition and initial conditions. This result has been attributed to the one dimensional nature
of the ZND model which should deal with the multidimensional structure of real detonations
[50].
In order to overcome this limitation, Gavrikov et al. [50] proposed the incorporation of stability
effects into the structure of the wave, recognizing that stability parameters can determine
conditions for strong and irregular transverse waves (highly unstable) or weak and regular waves
(stable conditions). In this study [50], the stability effects on the wave was introduced by two
parameters, namely: the dimensionless activation energy, 𝐸𝑎 ⁄𝑅𝑝 𝑇0 , and the ratio of the mixture
chemical energy to initial thermal energy 𝑄 ⁄𝐶𝑉 𝑇0 . As a result, a function including these two
parameters was proposed to calculate the 𝜆⁄𝛿 ratio, showing good agreement with experimental
results.
This is an example of how complex the detonation problem is, since it includes variables into the
analysis that can be approached by simple models, as the Chapman-Jouguet theory which is
based on the application of conservation laws across the detonations front, and variables that
require a knowledge of the wave structure, hence of the chemical reaction rates [49]. One
example of the latter is the critical tube diameter, which characterizes the combustion process
occurring in tubes once a planar detonation wave leaves the confinement. If the tube diameter is
larger than a critical value, the planar wave will become a spherical wave, otherwise it will
decouple the reaction zone from the shock wave, resulting in a deflagration wave [53]. The
reason for such a result relies on the rarefication of the gas as it expands outwards in the
unconfined region. The expansion cools the shocked gases, increasing the induction time,
leading to the decoupling of the reaction zone from the shock front [49].
This dependence of the detonation characteristics on the chamber geometry can be also observed
by relating the possibility of a deflagration to detonation transition to detonation parameters.
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Peraldi et al. [54] proposed a criterion for the onset of DDT in tubes based on the cell size. By
performing experiments in 18 meters long tubes with different diameters (5, 15 and 30 cm),
including orifice ring obstacles, it was noticed that the DDT was possible when the size of the
opening orifice diameter was at least that of the cell size, which corresponds to a particular fuel
mixture. Moreover, this result has been extrapolated to smooth tubes, considering the orifice
diameter size that of the smooth tube diameter [55]. Dorofeev et al. [56], however, proposed a
different criterion for the DDT initiation. In this work [56], the authors suggested that the DDT
onset is possible if 𝐿′⁄𝜆 > 7, where 𝐿′ = 0.5 (𝑆 ′ + 𝐻 ′ )⁄(1 − 𝑑 ′ ⁄𝐻 ′ ), with 𝑆 ′ , 𝐻 ′ and 𝑑′ as seen
in Figure 2.9, for obstructed tubes.

Figure 2.9. Characteristic dimensions describing the channel with obstacles investigated in [56],
where the characteristic size 𝐿′ is presented.
Moreover, DDT triggering by the SWACER mechanism (Shock Wave Amplification by
Coherent Energy Release) [57] has been related to another length parameter, namely, that of the
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size of the ‘hot spot’ region (where the mixture is close to self-ignition), which should be of the
order of 10𝜆 [58].
Another important parameter in the study of DDT in tubes, specifically, the distance that the
flame propagation takes to onset the transition, has been related to detonation parameters.
Kuznetsov et al. [55] have determined that the run-up distance (𝑋𝐷 ) is almost inversely
proportional to the initial pressure. Based on experimental results, the authors proposed a relation
between the run-up distance and the cell size of the form 𝑋𝐷 ≈ 550𝜆 for a stoichiometric
hydrogen-oxygen mixture in a tube with an inner diameter value of 105mm. However, it was
pointed out that this was not a general correlation, but it would be changed if different fuel
mixtures and tube sizes were considered; in other words, the run-up distance is not a criteria for
detonation formation. On the contrary, it was concluded that is the boundary layer thickness of
the turbulent regime, generated in the flow ahead of the flame front, which controls DDT
triggering by determining the size of the pre-conditioned regions of mixture were the transition
can be initiated. The turbulent scale was characterized by the turbulent pulsation 𝛿𝑡𝑢𝑟𝑏 , and the
detonation onset obtained when 𝛿𝑡𝑢𝑟𝑏 = 10𝜆.
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3. Methodology
This investigation explores the role of the chamber boundary conditions on the flame
propagation dynamics. The analysis includes the role of adiabatic and isothermal walls on the
flame propagation and morphology, acting on different scenarios determined by various thermal
expansion coefficients, which characterize the energy released in the combustion process. The
chamber geometry is given by 2D channels and cylindrical tubes, with non-slip walls and
variable width, having one end open. Moreover, a second scenario is investigated where
obstacles of various sizes and spacing have been included at the walls. In this case, the attention
is put on the effect of the modified wall geometry on the combustion process.
The research activity is conducted by computational means. In this chapter, a description of the
equations solved numerically is presented, along with the setup of the performed numerical
simulations, boundary conditions and grid generation. Additionally, the accuracy of the solver is
shown by comparing the numerical results obtained in the two configurations with those
obtained experimentally in chambers of similar shapes.

3.1

Description of the Numerical Approach

The numerical simulations are performed by an in-house program that solves the set of mass,
momentum and energy conservation equations, accounting for transport processes. The set of
chemical reactions is approximated by a single irreversible one-step reaction, obeying the
Arrhenius law, with the burned and unburned gases set to obey ideal gas behavior.
The solver is based on a cell-centered, finite volume scheme. It is second-order accurate in time,
fourth-order in space for the convective terms, and second-order in space for the diffusive terms.
The solver is adapted for parallel computations. It is available in Cartesian (both two and threedimensional) and cylindrical axisymmetric versions, with a self-adaptive structured grid, and has
been widely used in combustion research, e.g. [35-38].
The set of mass, momentum, energy and species equations solved by the program reads:
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where 𝛽 = 0 and 1 for 2D and axisymmetric geometries, respectively,
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is the total energy per unit volume, 𝑌 the mass fraction of the fuel, 𝑄 the energy release from the
reaction, and 𝐶𝑉 the heat capacity at constant volume. The energy diffusion vector 𝑞𝑖 is given by
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The stress tensor 𝜁𝑖,𝑗 takes the form
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in the 2D configuration (𝛽 = 0), while in the axisymmetric geometry (𝛽 = 1) it reads
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Finally, the last term in Eq. (14) takes the form
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if 𝛽 = 1 (axisymmetric), and 𝜓𝛽 = 0 if 𝛽 = 0 (2D). Here 𝜂 is the dynamic viscosity, 𝑃𝑟 and 𝑆𝑐
the Prandtl and Schmidt numbers, respectively. The fuel-air mixture and burned gas are assumed
to be perfect gases of constant molar mass 𝑚 = 2.9𝑥10−2 𝐾𝑔⁄𝑚𝑜𝑙 , with 𝐶𝑉 = 5𝑅𝑝 ⁄2𝑚, 𝐶𝑃 =
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7𝑅𝑝 ⁄2𝑚, and the equation of state 𝑃 = 𝜌𝑅𝑝 𝑇⁄𝑚 , where 𝑅𝑃 ≈ 8.31 𝐽⁄(𝑚𝑜𝑙. 𝐾) is the universal
gas constant. The one-step irreversible Arrhenius reaction is first order, with the activation
energy 𝐸𝑎 and a frequency factor corresponding to a characteristic time 𝜏𝑅 . Moreover, the solver
does not account for radiation heat transfer effects.

3.2

Numerical Simulations Set Up

In this investigation, the computational program simulates the flame propagation occurring in
two scenarios: 1) channels and tubes with nonslip walls, including either adiabatic or isothermal
conditions, 2) channels with slip surfaces, including obstacles mounted on the walls, with either
adiabatic or isothermal surface conditions. For this purpose, the solver includes different sets of
boundary conditions, which are shown schematically in Figure 3.1 and 3.2.

Figure 3.1.Grid domain and boundary conditions utilized for unobstructed channels.
The ‘smooth’ configuration, namely, channels and tubes without obstacles at the walls, is shown
in Figure 3.1. A planar ignition is included to begin the process, which obeys the analytical
solution given by Zeldovich and Frank-Kamenetski [3], Equation 1. The top, bottom and closed
end surfaces are considered nonslip, including either adiabatic or isothermal thermal conditions
(with the wall temperature varying from case to case). The open end is achieved by considering
non-reflective conditions, which allows the generated flow to exit the domain, and is placed far
from the flame front location. The grid is non-regular in this case, with the resolution changing in
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the horizontal direction, but constant in the vertical one. In this sense, two finer regions are
generated, one interacting with the flame front, and a second one where the pressure wave
generated as the flame propagates is located (not shown in Figure 3.1).
Since the gravity force is negligible in this problem, it is possible to obtain less expensive
simulations by solving half-the-pipe only. In this case, slip adiabatic conditions are considered at
the bottom boundary, in such a way that neither momentum nor thermal energy exchange is
produced in the pipe centerline, providing a symmetry boundary condition.

Figure 3.2. Grid domain and boundary conditions utilized for obstructed channels.
The grid domain utilized to simulate the obstructed configuration is shown in Figure 3.2. In this
case, slip conditions are prescribed at the surfaces, and a different ignition is considered, namely,
a hemispherical one. The grid is regular in this case, producing more expensive simulations. For
this purpose, only half of the channel has been simulated by considering a symmetry condition at
the bottom. The obstacles are much thinner than that observed in the schematic, where they have
been amplified for illustration purposes only.

3.2.1 Boundary Conditions
The different types of boundary conditions, along with the ignition form, determined the two
scenarios investigated in this study. The implementation of these conditions obeys the following
description:
a) Nonslip Condition: It is implemented by considering ̂𝑢 = 0.
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b) Slip Condition: This condition takes ̂𝑛 ∙ ̂𝑢 = 0, where ̂𝑛 is the unit vector normal to the
wall.
c) Adiabatic Condition: It obeys 𝑛̂ ∙ ∇𝑇 = 0.
d) Isothermal Condition: In this case, the condition is set by considering the two grid points
on both sides of the surface boundary to have 𝑇𝑤 as average value, namely:
(𝑇𝑖𝑛 + 𝑇𝑜𝑢𝑡 )⁄2 = 𝑇𝑤 .
e) Non-reflective Condition: This condition describes the open end of the conduits by
considering 𝑃 = 𝑃𝑎𝑚𝑏 , 𝜌 = 𝜌𝑓 , (𝑢𝑥 , 𝑢𝑦 ) = 0 and 𝑌 = 1. These values, however, are
not hard imposed, being able to change in case the leading pressure wave (to be shown in
Figure 3.3) reaches the open end.

3.2.2 Self-Adaptive grid
Horizontal variable resolution has been implemented in the solver in order to reduce the
computational cost, keeping the finer resolution restricted to the flame front and to the generated
pressure wave, as seen in Figure 3.3. Typical grid size values are 0.25𝐿𝑓 and 0.5𝐿𝑓 for the flame
and leading pressure wave domains, respectively, where 𝐿𝑓 = 𝜐⁄𝑈𝑓 𝑃𝑟 is the flame thickness.
Outside the fine grid region, the mesh size is increased gradually by 5% between neighboring
cells. The grid is self-adaptive, namely, it is rebuilt based on the flame front position. For this
purpose, third order splines are used to interpolate the flow variables during the grid
reconstruction, preserving the second order accuracy of the numerical scheme.

Figure 3.3. Schematic of the grid used in the numerical simulations [37].
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3.3

Validation

The accuracy of the results obtained numerically have been validated by two sets of experiments;
one considering a tube with ‘smooth’ walls, with the nonslip condition intrinsically included, and
a second one where obstacles were placed at the walls of a channel. Since the pipes considered in
the experiments were not subject to any particular insulation or wall material where the wall
temperature could be controlled, the simulated tubes and channels were simplified to adiabatic
wall conditions. The results of this comparison are presented next, pointing out the nature of the
agreement and the limitations identified in the process.

3.3.1 Nonslip Tubes
In a recent work [59], the numerical solver has been used to model the premixed combustion
process occurring in capillary tubes of radii 0.25 and 0.50𝑚𝑚. The results were compared to an
experimental measurement performed in 1.5𝑚. long transparent borosilicate capillary tubes, with
similar radii and open at both ends [60]. The ignition was achieved in the center of the tube by
applying high voltage across electrodes. The experiments considered an ethylene-oxygen fuel
mixture, which was premixed using a tee before being fed into the tubes. The experimental setup
is shown schematically in Figure 3.4.

Figure 3.4.Schematic of the experimental setup [60].
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In the numerical simulations, the stoichiometric ethylene-oxygen combustion parameters were
calculated using the GasEQ software, obtaining: kinematic viscosity 𝜐 = 1.72𝑥10−5 𝑚2 ⁄𝑠,
planar flame speed 𝑈𝑓 = 5.1 𝑚⁄𝑠, adiabatic exponent 𝛾 = 𝐶𝑃 ⁄𝐶𝑉 = 1.34 (i.e. the sound speed
equal to 𝑐0 = √𝛾 𝑃⁄𝜌0 = 331 𝑚⁄𝑠, and the initial Mach number 𝑀0 = 𝑈𝑓 ⁄𝑐0 = 0.015). The
expansion factor was given by Θ = 10.6 and the temperature jump by 𝑇𝑏0⁄𝑇0 = 14, determining
the average molar mass change within the burning process to be m
̃ = Θ⁄(𝑇𝑏0⁄𝑇0 ) = 1.34.
To be able to simulate the onset of DDT, a kinematic viscosity scaling was considered in the
numerical calculations, namely, the kinematic viscosity employed was 𝜈 = 1.72𝑥10−4 𝑚2 ⁄𝑠
instead of 𝜈 = 1.72𝑥10−5 𝑚2 ⁄𝑠. Since the flame thickness is proportional to the kinematic
viscosity as 𝐿𝑓 ≡ 𝜈 ⁄𝑃𝑟𝑈𝑓 , this change determined a larger flame thickness value, which reduced
the computational vertical grid domain from 𝑅𝑡𝑢 = 0.25𝑚𝑚 = 96𝐿𝑓 and 𝑅𝑡𝑢 = 0.50𝑚𝑚 =
192𝐿𝑓 to 10𝐿𝑓 and 20𝐿𝑓 , respectively; allowing longer simulations. The scaled flame tip
velocity versus the scaled time obtained experimentally and numerically is shown in Figure 3.5
and 3.6, where the initial exponential flame acceleration and posterior saturation of the
combustion wave velocity, as observed experimentally at both tube diameters, have been
reproduced computationally.

Figure 3.5. Evolution of the scaled flame tip velocity 𝑈𝑡 ⁄𝑈𝑓 versus the scaled time given by 𝜏 =
𝑡 𝑈𝑓 ⁄𝑅𝑡𝑢 in a tube of radius 𝑅𝑡𝑢 = 0.25𝑚𝑚, calculated numerically and experimentally [59].
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Figure 3.6. Evolution of the scaled flame tip velocity 𝑈𝑡 ⁄𝑈𝑓 versus the scaled time given by 𝜏 =
𝑡 𝑈𝑓 ⁄𝑅𝑡𝑢 in a tube of radius 𝑅𝑡𝑢 = 0.50𝑚𝑚., calculated numerically and experimentally [59].

3.3.2 Obstructed Tubes
The validation of the obstructed configuration was done performing a qualitative comparison
rather than a quantitative one. The reason laid out on the geometry dimensions implemented in
the solver, characterized by extremely thin obstacles, placed in channels 40𝐿𝑓 - 60𝐿𝑓 wide.
A set of experiments performed in an obstructed square cross-section channel were considered to
validate this configuration [61]. The experimental setup consists on an array of obstacles
mounted on the top and bottom surfaces of a channel, along the entire length, and with an equal
spacing between them. The 2.44𝑚 long channel used was made of aluminum 6061-T6, with a
7.6𝑐𝑚𝑥7.6𝑐𝑚 square cross section, and obstacles thickness equal to 1.3𝑐𝑚.
The experiments were carried out considering a stoichiometric methane-air premixed gas, with
the ignition produced by an automotive spark plug at the center of one of the end flanges. Figure
3.7 shows a schematic of one of the four modules that forms the channel, including the
instrumental and pressure port sites, IP and PT, and ignition locations A and B.
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Figure 3.7. Optical module of the experimental obstructed channel [61].
In turn, the numerical simulations were performed in channels 48𝐿𝑓 wide, keeping the obstacle
length and spacing proportional to the experimental setup shown in Figure 3.7. Figure 3.8 and
Figure 3.9 show the comparison of the flame propagation results obtained experimentally and
computationally, by relating the scaled flame tip position 𝑅𝑡 ⁄𝑅𝑐ℎ (1 − 𝛼) to the corresponding
scaled flame tip velocities 𝑈𝑡 ⁄𝑈𝑓 , on the scenarios described by the obstacles spacing ∆𝑍 =
2𝑅𝑐ℎ and the blockage ratios 𝛼 = 1⁄2 and 𝛼 = 1⁄3, where 𝛼 defines the obstacles length as a
fraction of the channel width l𝑜𝑏𝑠𝑡𝑎𝑐𝑙𝑒 = 𝛼𝑅𝑐ℎ . The oscillating behavior characterized by the
turbulent combustion regime is reproduced numerically; as it will discussed in Section 4.2.6.1,
this regime is related to large separation between obstacles.
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Figure 3.8. Results obtained experimentally (blue) [61] and numerically (red). Scaled flame
velocity versus scaled flame tip position, 𝛼 = 1⁄3, ∆𝑍⁄𝑅𝑐ℎ = 2.
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Figure 3.9. Results obtained experimentally (blue) [61] and numerically (red). Scaled flame
velocity versus scaled flame tip position, 𝛼 = 1⁄2, ∆𝑍⁄𝑅𝑐ℎ = 2.

3.3.3 Parametric Study
The results of the parametric study, based on the simulations of more than 150 cases, are
presented in the next chapter. The values of the different parameters are listed next, although not
all combinations were explored but those needed to analyze the effects of interest.

3.3.3.1 Unobstructed ‘smooth’ configuration


2D channel half width (𝑅𝑐ℎ ): 5𝐿𝑓 , 10𝐿𝑓 , 15𝐿𝑓 , 20𝐿𝑓 and 30𝐿𝑓 .



Cylindrical tube radius (𝑅𝑡𝑢 ): 20𝐿𝑓 and 30𝐿𝑓 .



Thermal conditions: adiabatic and isothermal walls, with the latter given by 𝑇𝑊 =
300𝐾, 350𝐾, 400𝐾, 450𝐾, 500𝐾, 600𝐾, 700𝐾, 800𝐾, 900𝐾, 1000𝐾 and 1200𝐾.



Thermal expansion coefficient Θ = 𝜌𝑓𝑢𝑒𝑙 𝑚𝑖𝑥𝑡 ⁄𝜌𝑏𝑢𝑟𝑛𝑡 𝑚𝑎𝑡𝑡𝑒𝑟 : 5, 7, 9 and 10.

The channel width varied from the value related to flame extinction in pipes (5𝐿𝑓 ) to a condition
where the boundary effect on the combustion process becomes less effective (30𝐿𝑓 ). The wall
temperatures, in turn, varied from the room temperature condition (300𝐾) to a very high
quantity 1200𝐾, where spontaneous combustion have been observed, as discussed in Section
4.1.3. The thermal expansion values correspond to the range found in hydrocarbon fuels.
35

The flame front thickness 𝐿𝑓 is defined as 𝐿𝑓 = 𝜈 ⁄𝑈𝑓 𝑃𝑟 with 𝑈𝑓 the planar flame velocity
respect to the fuel, 𝜈 the kinematic viscosity and 𝑃𝑟 the Prandtl number. The simulations
considered 𝑃𝑟 = 1, 𝑈𝑓 ∼ 0.35 𝑚⁄𝑠 and 𝜈 = 1.7𝑥10−5 𝑚2 ⁄𝑠, determining 𝐿𝑓 ≈ 4𝑥10−5 𝑚.
Results are presented based on the flame tip position 𝑅𝑡 , scaled by 𝐿𝑓 , the scaled time 𝜏𝑓 =
𝑡𝑈𝑓 ⁄𝐿𝑓 , and velocity 𝑈⁄𝑈𝑓 , where 𝑡 is time, 𝑈 the flame tip velocity measured at the center of
the pipe (𝑈𝑐 ) or near to the wall (𝑈𝑤 ). In certain cases, the flame front position along the
channel at the center (𝑅𝑐 ) or near the wall (𝑅𝑤 ) has also been reported.

3.3.3.2 Obstructed configuration


2D channel half width (𝑅𝑐ℎ ): 20𝐿𝑓 , 24𝐿𝑓 and 30𝐿𝑓 .



Thermal conditions: adiabatic walls and isothermal walls with 𝑇𝑊 = 300𝐾, 600𝐾 and
1000𝐾. Thermal expansion coefficient: Θ = 8.



Blockage ratio, which defines the obstacle height as a fraction of the channel
width (l𝑜𝑏𝑠𝑡𝑎𝑐𝑙𝑒 = 𝛼𝑅𝑐ℎ ): 𝛼 = 1⁄40 , 1⁄20, 1⁄15 , 1⁄9 , 1⁄5, 1⁄4, 1⁄3, 1⁄2 , 2⁄3 .



Obstacles spacing (∆𝑍), scaled by 𝑅𝑐ℎ : ∆𝑍⁄𝑅𝑐ℎ = 0.2, 0.3, 0.38, 0.6 and 1.

In this configuration, the parametric study has been focused on the geometrical variables,
described by the channel width and obstacle size and spacing. According to the results in Section
4.2, this priority correlates well with the role that geometry plays on the flame dynamics, much
significant than the wall thermal conditions.
The flame front thickness 𝐿𝑓 is defined as in Section 3.3.3.1, 𝐿𝑓 = 𝜈 ⁄𝑈𝑓 𝑃𝑟, with 𝑈𝑓 , 𝜈 and 𝑃𝑟
having the same values, determining 𝐿𝑓 ≈ 4𝑥10−5 𝑚. The results are presented based on the
flame tip position 𝑅𝑡 , scaled by the channel half-width as 𝑅𝑡 ⁄𝑅𝑐ℎ , the scaled time 𝜏𝑓 = 𝑡𝑈𝑓 ⁄𝑅𝑐ℎ
and velocity 𝑈𝑡 ⁄𝑈𝑓 , where 𝑡 is time and 𝑈𝑡 the flame tip velocity.
In the snapshots corresponding to the obstructed cases (Section 4.2), white obstacles have been
added to represent the obstacles position along the channel, since the original ones in the
computational domain are extremely thin, and cannot be visually observed. This has been done
in all the obstructed configuration snapshots, with exceptions of those including streamlines,
where the obstacles and pockets are clearly noticed.
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4. Results
4.1

Flame Dynamics in ‘Smooth’ Channels with Isothermal Walls

In the combustor dimensions considered in this investigation, the dynamics of a propagating
flame is strongly related to the conditions at the boundaries. The boundary layer thickness
produced by the nonslip condition at the walls is comparable to the conduit width, therefore the
associated stretching that it produces on the flame front is significant. Besides, the thermal
energy exchanged at non-adiabatic walls can reach the inner part of the flame structure more
effectively.
In this sense, the analysis can be performed in relation to two major sources of energy exchange
at the walls: momentum exchange and thermal energy exchange. Considering a channel or tube
filled with a flammable gas, with one end closed and the other open, a planar ignition at the
closed end will generate a flame propagation toward the open one consuming the available fuel
mixture. The flame propagates basically as a result of two mechanisms: first, the flame front
moves toward the fuel mixture consuming it. This motion, in the case of a planar flame front,
results in a flame propagation at a constant speed with respect to the fuel (~ 0.3 m/s for the
conditions considered in this investigation). Second, behind the flame, the burned gas becomes
much hotter than the fresh gas mixture (e.g. 5 to 10 times higher), which decreases its density in
a similar proportion, provided the isobaric and ideal gas approximations. The density reduction
produces an expansion of the burned matter, which pushes the flame-gas system, in order to
obtain the needed room. This second mechanism, related to the thermal expansion, is a property
of the fuel, and will be extensively analyzed in subsequent sections.
As the flame propagates, it moves as a semi-transparent piston pushing the gas ahead of the
flame front, generating the flow of the unburned gas. The wall friction distorts the uniform
propagation of the gas flow, producing a velocity profile on it that resembles the classical
Poiseuille flow, Figure 4.1. The distortion on the gas flow modifies the planar flame propagation,
as the flame front acquires a similar shape. This elongates the flame front, intensifying the
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combustion process since the overall flame front surface area is increased. As a result, the flame
propagates faster, pushing the gas ahead harder, further distorting its velocity profile, which
elongates the flame front even more, producing a positive flame-flow feedback.

Figure 4.1. Physical description of the problem.
When the pipe walls are held at a constant temperature, heat is exchanged between the walls and
the gas in two directions: toward the gas in the region ahead of the flame front (given that the gas
mixture considered in the study is initially at the room temperature 300 K, and no walls colder
than that have been considered) and away of the burned gas in the region behind the flame front,
since the channel/tube walls were kept at temperatures below the expected adiabatic flame
temperature. This heat exchange between the walls and the unburned/burned gas modifies the
gas density and consequently the thermal expansion coefficient, which plays an important role in
the flame propagation intensification as mentioned before.
But further understanding of how this thermal energy exchange can modify the flame
propagation dynamics is obtained by looking at the flame front-isothermal walls interaction in
more detail, e.g. by comparing the effect produced by the walls when subject to different
temperatures.

4.1.1 Wall Temperature Effect on the Flame Propagation
When the walls of a pipe where a flame propagation is taking place are kept at a constant
temperature, besides the overall heat gain/loss to the gas, an intriguing modification of the flame
front shape is found, as seen in Figure 4.2:
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Figure 4.2. Flame propagation in adiabatic (left) and isothermal T𝑊 = 300K (right) slip
channels, R 𝑐ℎ = 10𝐿𝑓 .
The two flame propagation scenarios, shown in Figure 4.2, have two features in common: (i)
they were initiated by a planar ignition and (ii) the propagation occurs in a channel with slip
walls. Only one difference has been set in their boundary conditions: on the left, adiabatic wall
conditions have been employed, whereas isothermal walls were included on the right. As
expected, the flame propagation in the adiabatic, slip case occurs without any significant change,
say, there is not distortion of the generated gas flow (therefore no Poiseuille profile-like ahead of
the flame), and consequently no flame front stretching. The flame propagation is controlled by
the expanding burning matter plus the constant-rate fuel consumption at the flame front.
However, when isothermal conditions are in place (Figure 4.2, right), a flame stretching is
observed. There is no friction at the walls that would explain this flame front corrugation, and for
the given channel width, no Darrius-Landau instability would corrugate the flame front either.
Only a temperature gradient that extends from the flame front to the whole burned matter (in
different levels, depending on how far the gas parcel is from the walls), has been added to the
system. Certainly, a flame front distortion in the absence of nonslip walls was not expected, and
it may determine a faster flame propagation in the isothermal channels as compared to the
adiabatic case, if the thermal expansion coefficients were the same. But, would isothermal pipes
generate larger flame stretching than adiabatic ones in nonslip channels? Moreover, would the
flame then propagate faster at isothermal nonslip wall conditions as compared to the adiabatic
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ones? It is noticed that the thermal expansion ratio is reduced as a result of the heat exchanged
between the gas and the walls, but, would this reduction overcome a larger flame front surface
area produced by isothermal walls?

a)

b)

c)

Figure 4.3. Temperature distribution of the flame propagation in channels (upper half shown),
R 𝑐ℎ = 10𝐿𝑓 , Θ = 7. a) adiabatic, b) isothermal, T𝑊 = 300𝐾 and c) isothermal, T𝑊 = 800𝐾.
Some of these questions can be explored by considering a variety of pipe wall temperatures.
Figure 4.3 shows temperature snapshots of the upper half of the channels, considering nonslip
conditions this time. Specifically, Figure 4.3a presents the adiabatic case, characterized by the
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constant temperature observed in the regions away from the flame front, either ahead or behind
it. In contrast, the isothermal wall conditions, considered next with fixed wall temperatures 300K
in Figure 4.3b and 800K in Figure 4.3c, produce a temperature gradient in the regions away from
the flame front. Besides the difference in the burned/unburned gas temperature distributions, the
flame front shapes are also different. Figure 4.4 shows the temperature contours for the cases
described in Figures 4.3a and 4.3b, at two different instants each. In the adiabatic case (Figures
4.3a and 4.4a), the zero heat exchange between the gases and the walls can be identified by the
angle that the temperature contours form with the walls, quasi orthogonal.

a)

b)

Figure 4.4. Temperature contours of the flame propagation in channels (upper half shown) with
R 𝑐ℎ = 10𝐿𝑓 , Θ = 7, and different wall conditions a) adiabatic, b) isothermal T𝑊 = 300𝐾.
Isothermal wall conditions produce a different temperature gradient since the walls force the
nearby gas to be at the given wall temperature. For instance, when the wall temperature is kept at
300K, Figures 4.3b and 4.4b, the colder contour is extended to the back side of the channel,
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where the closed pipe end is also kept at 300K. By looking at the burned gas regions in the
adiabatic and isothermal wall scenarios (Figures 4.4a and 4.4b), it can be noticed that the cooling
experienced by the burned gas in the isothermal case is so intense that the hot burned mass (i.e.
identified by the 1900K isotherm, red line) is significantly less than that of the adiabatic case
(~50%). In addition, the gas ahead of the flame front in the isothermal case does not experience
any significant temperature change, producing all together a lower volumetric expansion in the
isothermal case than the obtained in adiabatic conditions.
Moreover, a stretching of the flame front, comparable to the adiabatic case, is produced by ‘cold’
isothermal walls (𝑇𝑤 = 300𝐾, Figures 4.3b and 4.4b), which promotes the flame propagation.
However, the adiabatic condition at the wall produced an “anchoring” effect on the flame front
propagation, which keeps the flame front surface distorting (Figure 4.4a). The flame front
elongation produced in the isothermal case increases the flame surface area, but to a steady
shape, which is kept more or less constant thereafter (Figures 4.4b). In conclusion, a cold wall
condition (e.g. 300K) is not expected to produce the strong acceleration observed in adiabatic
conditions, although a distortion of the flame is initially produced.
Further understanding of the flame distortion resulted from the isothermal condition can be
obtained if a more severe case is considered, namely, if the channel wall is kept at 800 K
(Figures 4.3c and 4.5). In this case, the flame front elongation is less pronounced than in cold
walls, but it departs from the planar flame shape anyway. The more interesting characteristic of
the flame in this case is the stretching of the inner contours toward the wall, defining the shape
that the flame front adopts. The thermal expansion ratio is also modified not only by the postcooling of the burned matter (which is less intense, since it is exposed to a warmer wall), but also
by the preheating of the fresh fuel mixture in the vicinity of the walls, determining also a reduced
volumetric expansion as compared to the adiabatic case.

Figure 4.5. Temperature contours in isothermal channels (upper half shown),T𝑊 = 800𝐾, with
Θ = 7, R 𝑐ℎ = 10𝐿𝑓 .
42

In addition, the flame propagation related to these thermal boundary conditions can be correlated
to the flow motion in the vicinity of the flame front. Figure 4.6a shows the streamlines generated
in the adiabatic case. The nonslip condition works as a flow source, with the flow going toward
the central part of the burned gas region, since there is no temperature gradient therein. The flow
is deviated as a result of the expansion of the burning matter, which is adapting to its larger
volume. When the walls remain at a constant temperature (Figure 4.6b), the flow goes toward a
different location of the burned gas, since the density on the region is not uniform, looking for
the less dense region. This deviation changes the momentum transferred to the flame front,
which can be related to the streamline curvature behind the flame.

a)

b)

Figure 4.6. Temperature distribution and streamlines of the flame propagation in channels
(upper half shown), R 𝑐ℎ = 10𝐿𝑓 , Θ = 7, a) adiabatic and b) isothermal T𝑊 = 300𝐾.
The flame front corrugation observed at adiabatic and isothermal conditions has been explained
by looking at different wall thermal conditions, and a general idea of the corresponding flame
propagation velocities can be realized after this analysis: a faster flame propagation is produced
under adiabatic conditions than in isothermal conditions, which may turn even slower as the wall
temperature is increased, due to the less stretched flame front generated. Meanwhile, a set of new
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questions can be formulated. For example, the flame propagation observed in adiabatic pipes has
been shown to accelerate exponentially, which can trigger a transition to detonation [35, 36].
What is the nature of the flame propagation in isothermal conditions? Probably it is not
exponential anymore, but what is it? Also, if a lower flame velocity is obtained by increasing the
isothermal wall temperature, does this tendency stand no matter how much the wall temperature
is raised? In the next section these questions are explored by comparing the flame propagation
velocity attained at the different thermal conditions discussed, putting special attention to the
nature of the velocity trends versus time.

4.1.2 Flame Velocity in Isothermal Conditions
As shown in the previous section, it is possible to modify the flame morphology and,
consequently, its propagation velocity by keeping the walls at a certain temperature. Figure 4.7
compares the flame velocity when adiabatic and multiple wall temperatures are in place.
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Figure 4.7. Flame velocity evolution at different wall conditions.
In this comparison, three main characteristics are observed. First, the adiabatic case is related to a
much faster flame propagation as compared to the isothermal wall conditions. Second, after a
short period, colder walls provide faster propagation than hotter ones. Third, the flame velocity
in the hottest wall considered in Figure 4.7 (800𝐾) shows an oscillating behavior at later time.
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An exponential velocity of the flame propagation is observed in adiabatic conditions, which is
much faster than the attained in isothermal scenarios. The flame propagation in isothermal
conditions is initially intense, as seen by the curve slopes, for all the three wall temperatures
considered. However, these initial large flame velocities are rapidly replaced by more moderate
propagation speeds, associated with a more steady shape of the flame front. The propagation is
initially faster in the hotter channels (around 0 < 𝜏𝑓 < 2.5, with 𝜏𝑓 = 𝑡𝑈𝑓 ⁄𝐿𝑓 ), as a result of the
burning enhancement attained in warmer conditions, which is later overcome by the smaller
surface area of the flame front associated with higher wall temperatures. Faster flame velocities
are then obtained when colder wall conditions are in place, exhibiting a linear acceleration after
the tendency shift observed around 𝜏𝑓 ≈ 2.5. This linear increase lasts until a major cooling of
the burned matter is produced, given that the wall temperature does not change in time, resulting
in the deceleration of the propagation, as noticed at 𝜏𝑓 ≈ 12 for the 𝑇𝑤 = 300𝐾 case (blue line).
At the stage where a linear acceleration is attained, a weaker flame propagation is noticed as the
walls get warmer. Figure 4.8 presents a more detailed description of this flame velocity decay
with higher wall temperatures, by considering isothermal channel scenarios varying from 𝑇𝑤 =
300𝐾 to 500𝐾, with a step of 50𝐾, including the 𝑇𝑤 = 600𝐾 case at the end.
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Figure 4.8. Linear acceleration regime at different wall temperatures.
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By quantifying the change of this linear acceleration in relation to the thermal conditions,
namely, establishing a relation between the slopes of the velocity trend (roughly given
by 𝑈𝑐 ⁄𝑈𝑓 = 𝑎(𝜏𝑓 ) + 𝑐𝑜𝑛𝑠𝑡.) and the associated wall temperature (Figure 4.9), it is observed that
the tendency of this change is rather quadratic than linear. For example, it is possible to have a
50% velocity reduction just by rising the temperature from 300𝐾 to 400𝐾, with a quasi-constant
flame velocity when the wall temperature is in the vicinity of 600𝐾.
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Figure 4.9. Slopes of the linear acceleration observed in the early stages of flame propagation
for the cases presented in Figure 4.8.
As observed in Figure 4.7, a third characteristic trend occurs when the wall temperature is further
increased. An oscillating behavior of the flame velocity is reached when the wall temperatures
are kept close to the ignition temperature (e.g. 800 K, red curve in Figure 4.7). As it has been
demonstrated, the flame propagation velocity is proportional to the flame front shape. This case
is not the exception.
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a)

b)
Figure 4.10. Temperature distribution of the flame propagation in channels (upper half shown)
with Θ = 7, R 𝑐ℎ = 10𝐿𝑓 and different wall temperatures a) T𝑊 = 300𝐾, b) T𝑊 = 800𝐾.
Two flame evolutions are shown in Figure 4.10, with the same conditions in both cases except
for the channel wall temperature. First, the propagation attained when the cold wall condition
300𝐾 is in place (Figure 4.10a), and second, when the wall temperature is raised to 800𝐾
(Figure 4.10b). It is noticed that the flame propagation in the colder channel, Figure 4.10a, is
characterized by a shape of the flame front that remains constant after an initial growth, with the
flame tip located at the center of the channel. On the contrary, the flame propagating in the
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channel with 𝑇𝑤 = 800𝐾, Figure 4.10b, exhibits a changing behavior of the flame front. The
flame tip location moves from the centerline of the channel to the wall. In addition, rather than
intensifying the propagation near the wall, the flame is slightly contracted, acquiring a more
planar shape. In this case, the hotter region near the walls facilitates the burning process,
enhancing the propagation in this region. But the enhanced combustion needs to overcome the
volumetric expansion of the burned matter, which is hotter at the center of the channel,
producing the observed flame front contraction.
It looks that if the wall temperature is further increased, then the enhancing effect near the wall
will be strong enough to keep the flame elongation along the wall and, consequently, making the
flame acceleration sustained therein. This observation moves the analysis to consider very hot
wall conditions, as presented next.

4.1.3 Very High Wall Temperature Conditions
A further increasing in the wall temperature to very high values, such as 𝑇𝑤 = 1200𝐾, is an
interesting scenario from the fundamental point of view, though this temperature would be
hardly attained in the practical reality and may not have associated applications. Indeed, while
extremely hot wall temperatures may surpass the thermal limitations of most materials used in
experiments, or those to be used in common applications, it provides a helpful scenario for the
fundamental understanding of flame dynamics. Figure 4.11 shows the flame evolution in a 2D
channel with 𝑇𝑤 = 1200𝐾. Here, the propagation is produced in a channel twice the width of the
previous cases, therefore a direct comparison is not undertaken.
In this case, the thermal energy transferred to the unburned gas mixture near the wall plays the
dominant role; it prevails over the hydraulic resistance which tends to restrain the propagation in
the region. Instead, the flame shape typically given by the combination of frictional forces at the
walls and the volumetric expansion in the central region is replaced by that associated with the
flame spreading near the wall. Unlike the case described in Figure 4.10b, here the flame
propagation does not moderate, and the associated stretching is considerably larger. However, as
it will be shown in Section 4.1.5, this mechanism of flame acceleration is limited in time. Since
the flame front expands not only horizontally, but vertically, collapsing in the center with its
counterpart coming from below. The result is a major reduction of the flame surface, and
consequently, a deceleration of the flame propagation. An interesting feature observed in this
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case is the generation of a ‘spontaneous’ combustion near the wall, away from the flame front.
This event is not surprising, given the large temperature imposed at the walls, although it is not
necessarily easy to predict in terms of time and location.

a)

b)

c)

Figure 4.11. Temperature distribution of the flame propagation in a channel (upper half shown)
with walls at T𝑊 = 1200𝐾, Θ = 7, R 𝑐ℎ = 20𝐿𝑓 . a) 𝜏𝑓 = 0.674, b) 𝜏𝑓 = 1.24, c) 𝜏𝑓 = 2.42.
The precise instant when the spontaneous combustion is produced at the wall is captured in
Figure 4.12. The fresh mixture is ignited in a region away from the propagating flame front, as
noticed by the disconnected contour corresponding to 1560 K. The large thermal energy given by
the very hot wall is also observed by means of the shape of the temperature contours behind the
spontaneous combustion region, where they stretch toward the region parallel to the wall.
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Figure 4.12. Temperature contours in a channel with walls at T𝑊 = 1200𝐾, Θ = 7, R 𝑐ℎ = 20𝐿𝑓 .
The fluid mechanics associated with high wall temperatures is also particular. The burned gas
expands along the wall, supporting the flame propagation in this region. Also, a source-like flow
is observed at the flame front, where the flame stretching tendency is shifted (Figure 4.13). This
corresponds to a change in the momentum transfer direction: below this location, the burned gas
expansion resumes the behavior observed in channels subjected to colder wall temperatures,
which are primary driven by the thermal expansion of the hotter gas at the centerline.

Figure 4.13. Temperature distribution and streamlines of the flame propagation in a channel
(upper half shown) with walls at T𝑊 = 1200𝐾, Θ = 7, R 𝑐ℎ = 20𝐿𝑓 .
In this section, the wall temperature effect on the flame propagation has been investigated. This
effect has been studied by keeping certain parameters constant, such as the channel width (with
exception of the last case) and fuel mixture properties. Now, the analysis is extended to include
the role of the fuel mixture on the combustion course under these channel conditions. This is
performed by varying the thermal expansion coefficient, which is inherent to the fuel mixture.

4.1.4 Thermal Expansion Effect on the Flame Propagation Dynamics
The thermal expansion coefficient Θ, determines the density drop experienced at the flame front,
and approaches the ratio of the burned matter temperature to the fuel mixture temperature (Θ =
𝑇𝑏 ⁄𝑇𝑓 ), when the flame velocity is much less than the speed of the sound (i.e. when the quasi50

isobaric and ideal-gas approaches are adoptable), and the burned and unburned molar gases are
the same. The thermal expansion is coupled to the specific energy released in the reaction as:

Q  c pT f   1 .

(23)

It is seen that this parameter modifies the flame velocity by determining the burned gas
temperature and thermal energy released as a result of the chemical reaction occurring within the
flame front. However, when interacting with isothermal wall conditions, the effect of the thermal
expansion can become less apparent. For example, one could expect that given a larger thermal
expansion value, the larger energy release associated with it will promote the flame propagation
at any circumstance. This conclusion is disproved by Figures 4.14 and 4.15, where two channels,
with isothermal walls kept at 300𝐾, contain two fuel mixtures characterized by the thermal
expansion coefficients Θ = 5 and Θ = 7. Indeed, the flame propagation is possible when Θ = 5
only, whereas an extinction event is observed for the fuel mixture characterized by Θ = 7.

a)

b)

c)

Figure 4.14. Temperature distribution of the flame propagation in channels (upper half shown)
at different times a) τ𝑓 ~0, b) τ𝑓 ~1.225, c) τ𝑓 ~2.925. Θ = 5, R 𝑐ℎ = 5𝐿𝑓 , T𝑊 = 300𝐾.
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a)

b)

c)
Figure 4.15. Temperature distribution of the flame propagation in channels (upper half shown)
at different times a) τ𝑓 ~0, b) τ𝑓 ~1.1, c) τ𝑓 ~2.27. Θ = 7, R 𝑐ℎ = 5𝐿𝑓 , T𝑊 = 300.
It should be mentioned that Figures 4.14 and 4.15 correspond to the narrowest channel
considered in this investigation, R 𝑐ℎ = 5𝐿𝑓 . Therefore, it is not surprising that in this dimensions
the overall heat lost provides conditions for combustion extinction, since it surpasses the
flammability limit found in regions around six times the laminar flame thickness (~6𝐿𝑓 ) apart
from a cold wall [44, 62]. However, such a limit is not reached in a more “colder” environment,
as determined by a lower thermal expansion coefficient, where the propagation is possible
(Figure 4.16).
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Figure 4.16. Evolution of the flame position along the channel centerline for flame extinction
(Θ = 7) and propagation (Θ = 5) cases.
The reason for having a sustained combustion process in a less ‘energetic’ environment relies on
the heat transfer process. A lower thermal expansion generates a cooler burned matter, as seen in
the snapshots of Figures 4.14 and 4.15. Keeping in mind that the wall temperature does not vary
with time, the heat lost is basically modified by the burned gas temperature, thus, q 𝑙𝑜𝑠𝑡 =
h𝑤 (T𝑏 − T𝑤 ) = h𝑤 (ΘT𝑓 − T𝑤 ), with h𝑤 the heat transfer coefficient between the wall and
burned gas. In this case, the fuel mixture and the wall temperature are at room
temperature 300𝐾, leading to q 𝑙𝑜𝑠𝑡 = h𝑤 (Θ − 1)T𝑟𝑜𝑜𝑚 . For Θ = 7, the associated heat lost is
given by q 𝑙𝑜𝑠𝑠,Θ=7 = 6h𝑤 T𝑟𝑜𝑜𝑚 , whereas for Θ = 5 by q 𝑙𝑜𝑠𝑠,Θ=5 = 4h𝑤 T𝑟𝑜𝑜𝑚 , establishing a
q 𝑙𝑜𝑠𝑠,Θ=7⁄q 𝑙𝑜𝑠𝑠,Θ=5 = 1.5 ratio between the heat lost in each scenario. The bigger losses obtained
in the Θ = 7 case modifies the flame structure, leading it to flame quenching, whereas for Θ = 5
the heat lost also cools the flame front region down, but to a point where a recovery is possible,
which occurs once the flame departs from the closed end, Figure 4.17.
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Figure 4.17. Maximum temperature registered in the channel along the process.
Since it is the burning process the main source of thermal energy in the system, much more than
the energy transferred by the walls (i.e. > 90% of total heat if 𝑇𝑤 = 900𝐾 is in place), the
thermal energy in the system is ‘set up’ by specifying the fuel thermal expansion. In this sense,
the effects of isothermal walls on the flame morphology, observed in the previous section, are
expected to occur at different thermal expansions as well, although at a different energy ‘level’,
e.g. different wall temperature. The next section provides a good example of this situation.

4.1.5 Enhancing Flame Propagation at the Walls
It was shown in Section 4.1.2 that a high wall temperature can move the flame tip out of the
channel centerline to place it near to the wall. Therein, an oscillating flame velocity behavior was
identified in relation to a wall temperature value of 800𝐾, channel half-width 𝑅𝑐ℎ = 10𝐿𝑓 , and
thermal expansion ratio Θ = 7. Figures 4.18 and 4.19 show the flame evolution for the same
conditions, considering Θ = 5 and Θ = 9, respectively, which approach the effect of having two
different fuel mixtures.
Figure 4.18 shows the flame propagation for Θ = 5, 𝑇𝑤 = 800𝐾 and 𝑅𝑐ℎ = 10𝐿𝑓 . It is noticed
that the snapshots of Figure 4.18 resemble the case described in Section 4.1.3, which is related to
a much hotter wall and twice wider channel (1200𝐾, 𝑅𝑐ℎ = 20𝐿𝑐ℎ ). In this case, however, there
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is no ‘spontaneous’ combustion near the wall. The flame progresses enhanced by the wall
conditions, with the gases been more sensitive to the hot wall as a result of their ‘lower’ energy
level (as compared to the Θ = 7 case, Figure 4.10b). This propagation progresses until the flame
fills the channel width, which produces a substantial flame front surface reduction, and
consequent flame propagation deceleration.

a)

b)

c)
Figure 4.18. Temperature distribution of the flame propagation in a channel (upper half shown)
with walls at T𝑊 = 800𝐾, Θ = 5, R 𝑐ℎ = 10𝐿𝑓 . a) τ𝑓 ~0.675, b) τ𝑓 ~1.45, c) τ𝑓 ~2.475.
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a)

b)

c)
Figure 4.19. Temperature distribution of the flame propagation in a channel with walls at T𝑊 =
800𝐾, Θ = 9, R 𝑐ℎ = 10𝐿𝑓 . a) τ𝑓 ~3.15, b) τ𝑓 ~9.99, c) τ𝑓 ~19.6.
On the contrary, by raising the thermal expansion to Θ = 9 (Figure 4.19), the flame propagation
becomes more stable. Namely, the flame tip stays at the center of the channel, without significant
variation of the flame front shape and surface area. A comparison of these two scenarios can be
undertaken by looking at the flame front position along the channel in two different vertical
locations: at the channel center and near the wall, as shown in Figures 4.20 and 4.21.
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Figure 4.20. Flame position as reported at two locations, centerline and near the wall.
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Figure 4.21. Flame velocity corresponding to the cases shown in Figure 4.20.
Figure 4.20 depicts how the flame propagation can proceed depending on the fuel mixture
considered. The blue lines show the unsteady flame shape adopted when the effect of the heat
transferred by the walls is enhanced by interacting with a low energy-release fuel mixture (Θ =
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5). The propagation in this case presents an erratic behavior, with the associated flame velocity
reaching a peak value of 100 times the planar flame velocity (Figure 4.21). On the contrary, the
burning of a fuel mixture characterized by a larger energy-release rate (Θ = 9) generates almost
no difference in the flame propagation speed at the two locations considered.
These results show how the fuel thermal expansion Θ can ‘set up’ the thermal energy in the
system, modifying the wall thermal effects on the flame morphology and propagation. In
addition, it governs one of the mechanisms of flame propagation, namely, the volumetric
expansion of the burning gas, which is proportional to the density drop across the flame front.
While such an expansion is produced uniformly in the burned gas region in adiabatic channels
(restricted by the wall friction), this is not the case under isothermal conditions, since the burned
gas includes horizontal and vertical temperature gradients. To better understand the effect of the
thermal expansion in relation to the pushing force that it exerts on the flame front, the attention is
restricted to conditions where the heat exchanged with the walls produces neither extinction nor
stretching of the flame along the wall. For this reason, two channel sizes have been considered in
Figure 4.22 and 4.23, along with the cold wall condition 300𝐾, where these situations are
constructively avoided.
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Figure 4.22. Flame velocity at the channel centerline for different thermal expansions.
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Figure 4.23. Flame velocity at the channel center for different thermal expansions.
The velocity trends shown in Figure 4.22 resemble that obtained at different wall temperatures
for a fixed thermal expansion coefficient Figure 4.7 and 4.8. This confirms the role of the
thermal expansion of the fuels, conditioning the isothermal wall effects on the combustion
process. A more energetic system will suffer a more significant quenching of the flame front next
to colder walls, which makes the flame front more corrugated. In addition, the flame propagation
is further enhanced by the larger volumetric expansion associated with a larger Θ. Figure 4.23
shows a comparison of the flame velocities associated with these three thermal expansion
coefficients, at the same walls condition, but in a wider channel. The tendency is the same, with
the flame propagating at a lower velocity. In fact, these results also reflect the effect of the
variable investigated in the next section – the width of the channel.

4.1.6 Channel Width Effect
Previous studies have concluded that the flame propagation in isothermal channels strongly
depends on the channel width. For example, hotter walls have been reported to promote faster
flame velocities in tubes 6.4𝑥10−4 𝑚 wide, and vice versa in tubes two times wider [47]. These
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tendencies are observed in Figure 4.24 and Figure 4.25, where low and moderate wall
temperatures are in place, 𝑇𝑤 = 300𝐾 and 500𝐾, in channels of different widths.
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Figure 4.24. Flame velocity in channels of half width 5𝐿𝑓 , at two different wall temperatures.
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Figure 4.25. Flame velocity in channels of half-width 15𝐿𝑓 , at two different wall temperatures.
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In Figure 4.24, where a channel of half-width 5𝐿𝑓 is considered, the flame propagation is faster
for the hotter wall 𝑇𝑤 = 500𝐾 (as much as 80% faster), with exception of a short time interval,
where 𝑇𝑤 = 300𝐾 wall promote a higher velocity (around 20% higher). With this channel width
in place, the post-cooling of the burned gas is produced in a very efficient way, which would
explain why this tendency is different from the observed, for instance, in Figure 4.25, which
corresponds to a wider channel, R 𝑐ℎ = 15𝐿𝑓 . Figure 4.25 reflects more closely the tendencies
described in Section 4.1.2. In this case, as the pipe width increases, the burned matter is not
easily cooled and the propagation is sustained for a longer period.
Figure 4.26 shows the results corresponding to an even wider channel, R 𝑐ℎ = 30𝐿𝑓 , where the
effect produced by the energy transfer at the walls becomes significantly less important. The
flame propagation manner does not change with the wall temperature, such that the flame
spreads with the same constant speed after a short time, independently of the wall temperature.
Actually, it is not only the thermal effect at the walls that becomes less influential in the process,
but the boundary conditions at the walls in general, including the frictional force. For instance,
slower flame propagations have been reported as the tube and channel widths become bigger in
adiabatic conditions [35, 36], because of the thinner boundary layer formed at the walls as
compared to the channel section.
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Figure 4.26. Flame velocity at the center of the channel, R 𝑐ℎ = 30𝐿𝑓 , at two wall temperatures.
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So far, the strategy along this investigation has been to consider the effect of the multitude of
variables involved in the parametric study in a separated manner, for the better understanding of
the changes produced by them on the combustion process. At this point, it seems interesting to
combine the variables in such a way that certain regimes can be established, where coinciding
characteristic describing the burning process and propagation intensity are observed.

4.1.7 Discussion
Four regimes of the flame propagation have been revealed in isothermal channels, namely (i) no
propagation or extinction; (ii) a linear acceleration stage of the flame; (iii) flame propagating at a
minor acceleration rate or with an almost constant speed; and (iv) an oscillating behavior of the
flame propagation velocity. These regimes have demonstrated a strong dependence on the wall
temperature, channel width and on the fuel thermal expansion. Based on the results of this study,
where the flame velocity has been computed as the flame propagated a distance ~100𝐿𝑓 −
150𝐿𝑓 in the channel, these regions have been quantified as shown in Figures 4.27-31.

Figure 4.27. Flame propagation regimes as described by the channel wall temperature and width.
Three of these four regimes are shown in Figure 4.27 for Θ = 5. At the conditions shown therein,
the flame extinction is not attained. This has been related to the way that the thermal expansion
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coefficient can control the heat lost at the flame front by setting the upper limit of the energy in
the process (an example of this effect was shown in Figure 4.14). A linear acceleration regime is
identified for the colder wall conditions and a certain channel width range. The faster flame
propagation has been related to the larger flame stretching obtained in the presence of colder
walls. When considering too narrow channels (e.g. R 𝑐ℎ < 6𝐿𝑓 ), this flame corrugation is less
effective due to the proximity between the walls. In contrast, when the walls are too separated
(R 𝑐ℎ > 20𝐿𝑓 ), the overall thermal effect is weaker; therefore the linear acceleration region is also
limited on the right as the channel width is further increased. As for the warmer walls, they
moderate the flame propagation, principally by generating a more planar shape of the flame
front. This effect can be observed in the central region, where either constant flame velocities or
weak linear accelerations are obtained. A larger increase in the wall temperature leads the flame
to propagate in an oscillating manner, which has been demonstrated to be a result of the better
conditions that the flame finds to propagate near the wall, taking the flame tip away from the
channel centerline. This oscillating velocity can reach very large values; but for a short time –
until the propagation near the wall is extended vertically to fill the channel width, reducing the
flame surface area.

Figure 4.28. Flame propagation regimes as described by the channel wall temperature and width.
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Figure 4.28 is the counterpart of Figure 4.27 for a larger thermal expansion ratio, Θ = 7. In this
case, the flame extinction is observed if cold enough wall conditions are employed in a channel
narrower than a certain threshold width. The region where a linear flame acceleration occurs is
observed near the extinction zone, in the vicinity of the width and temperature ranges described
by Θ = 5. In this case, the region is extended toward larger widths as well as to warmer walls.
By raising the energy released in the reaction zone, a larger heat loss is produced, which results
in larger flame front corrugations at lower wall temperatures, and the fact that the thermal effect
remains important for the combustion process even when the channel width is large. The region
of weak linear acceleration and quasi-steady flame propagation is also observed to get widen
when Θ = 7. A more steady form of the flame front is expected in a more energetic environment
which results in the extension of this zone toward its upper limit. The oscillating character of the
flame velocity is then restricted almost entirely to higher wall temperatures, independently of the
channel width. Overall, a raise of the curves is obtained by increasing the thermal expansion
ratio, which is consistent with the consequent raise of the thermal energy available in the system.

Figure 4.29. Flame propagation regimes as described by the channel wall temperature and width.
The scenario related to a further increase of the thermal expansion coefficient, Θ = 9, is
presented in Figure 4.29. This time, the flame extinction region is noticed to be considerably
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extended to higher wall temperatures, always in relation to small channel widths. The linear
acceleration region is also extended to warmer wall temperatures and wider channels, and the
oscillating behavior of the flame velocity is left to very high wall temperatures. The highly
desirable controlled combustion process can be reached more easily as the fuel mixture is more
energetic, namely, the changing flame tip location observed in high wall temperatures is
mitigated by the larger energy released at the flame front. In addition, even faster flame
velocities can be obtained in a wider range of conditions when a larger energy-release fuel
mixture is in place.
It is also possible to study the wall thermal effect on the flame dynamics from the perspective of
a fixed wall temperature. For example, in Figure 4.30, where a constant wall temperature of
300𝐾 is considered, three regimes can be identified: (i) the flame extinction region related to the
smaller channel widths; (ii) a linear flame acceleration zone, which extends to a large range of
thermal expansion coefficients and channel widths; and (iii) slow flame propagation in the quasiconstant and constant flame velocity region, determined by the lower thermal expansion
coefficients and narrower channels, and to increasing channel widths and thermal expansion
values. In this wall temperature, no oscillating flame velocity regime is observed.

Figure 4.30. Flame propagation regimes described by the scaled width and thermal expansion
coefficient.
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Figure 4.31. Flame propagation regimes described by the scaled width and thermal expansion.
In Figure 4.31, the attention is moved to the case where the channel walls are kept at 500𝐾. The
three regimes observed at 𝑇𝑤 = 300𝐾, Figure 4.30, are also seen here. However, the extinction
and linear acceleration domains have been reduced. Faster flame propagation is limited to larger
thermal expansion ratios and to a narrower range of channels. The flame propagation at this wall
temperature occurs mainly at a constant speed or exhibiting a very weak acceleration. Again,
there are no conditions for oscillating flame velocities in this case.

Figure 4.32. Flame propagation regimes described by the scaled width and thermal expansion.
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A further increase of the wall temperature modifies the regime diagram significantly. In Figure
4.32, where the wall temperature has been raised to 800𝐾, only two regimes are observed: (i) the
weak acceleration / constant propagation velocity regime and (ii) the oscillating velocity regime.
In this case, a weakly accelerated or steady flame propagation is obtained in the narrower
channels and/or at large enough thermal expansion ratios. The flame velocity has an oscillating
character for most conditions, where large peak values can be obtained for short periods and at
locations barely predictable. In contrast, linear flame velocities are not possible in this condition.
Finally, the regimes of flame propagation established by the fuel thermal expansion coefficient
and channel width are identified in Figure 4.33, considering adiabatic wall conditions [63]. In the
absence of heat transferred at the walls, the flame velocities are considerably larger, and the
variation of the thermal expansions and channel widths does not establish four regimes, but only
two; one given by an exponential acceleration of the flame velocity, and a second where this
acceleration is not exponential, but much slower, i.e. linear.

Figure 4.33. Flame propagation regimes in adiabatic conditions [63].

4.1.8 Tubes versus Channels
In addition to the 2D Cartesian version, the computational platform is also available for the
cylindrical axisymmetric configuration. Therefore, a comparison of the flame dynamics trends
observed in 2D channels and cylindrical tubes has also been performed, and the results are
presented in Figure 4.34 and 4.35. Figure 4.34 shows the flame propagation velocities attained
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in isothermal 𝑇𝑤 = 400𝐾 and adiabatic tubes and channels. The large difference in the flame
propagation at adiabatic conditions versus the controlled by isothermal walls previously seen in
channels, is also noticed in tubes. Moreover, a slower flame propagation is seen for tubes in the
beginning of the process, which later collapses to the velocity observed in the channel case.
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Figure 4.34. Flame velocities in tubes and channels, with adiabatic and isothermal conditions.
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Figure 4.35. Flame velocities in tubes and channels with two different isothermal conditions.
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In Figure 4.35, faster flame propagation enhanced by colder wall conditions is observed in
isothermal tubes as well. Cylindrical tubes promote the flame propagation because of the larger
flame front surface approximated by including another dimension. This is reflected in the 𝑇𝑊 =
400𝐾 case, where the tube configuration determines a steeper linear velocity trend than the
channel one. Moreover, the propagation rate does not exhibit much difference when raising the
wall temperature (𝑇𝑤 = 800𝐾) on the two conduits, being reduced to a constant speed.

4.1.9 Later Stages
The flame propagation in isothermal pipes experiences a significant change in later stages, as
seen in Figure 4.36, where the combustion process occurring in a channel R 𝑐ℎ = 10𝐿𝑓 and walls
kept at 𝑇𝑤 = 300𝐾 is shown, along with the adiabatic case. Here, the flame velocity decays
drastically as a result of the cooling of the burned gas, which can even produce the backwards
displacement of the flame front region (Figure 4.37). Such a displacement is produced as a result
of the contraction that burned gas volume undergoes as it gets colder.

Figure 4.36. Flame velocities in channels at later stages , Θ = 8, R 𝑐ℎ = 10𝐿𝑓 , T𝑊 = 300𝐾 [64].
In Figure 4.36, the linear stage corresponding to this wall temperature condition is fitted by a
dashed line, and it is also observed how the flame deceleration is followed by a time interval
where the flame velocity becomes negative, which represent the displacement of the region
towards the pipe closed end. Therefore, it can be inferred that the flame propagation produced in
pipes subjected to isothermal conditions does not experience a transition to detonation. The
flame does not accelerate enough to produce strong shock waves that can lead to DDT, but the
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faster velocities observed in colder pipes are replaced by a deceleration and eventual extinction.
The same conclusion can be expected when hotter walls are in place, since the flame velocities
associated to these conditions are slower, although the extinction process may take longer.

a)

b)

c)

d)

e)

Figure 4.37. Flame propagation including later stages. T𝑊 = 300𝐾, Θ = 8, R 𝑐ℎ = 20𝐿𝑓 . a) τ𝑓 =
14.5, b) τ𝑓 = 22.8, c) τ𝑓 = 25.4, d) τ𝑓 = 26.6, e) τ𝑓 = 30.4.
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4.2

Flame Dynamics in Obstructed Channels

In this part of the investigation, the channel has been modified to include obstacles at the walls.
Such a structural change of the combustor has the capability to generate much faster flame
propagations [39], as a result of the larger stretching attained by the flame surface, and even the
possibility of turbulent combustion regimes. Among the different configurations of obstacles that
could be included in the channel, the present research is focused on the so-called ‘tooth-brush’
configuration, which was originally proposed by Bychkov et al. [41] considering adiabatic
conditions. The scenario is illustrated in Figure 4.38, where isothermal surfaces are included.

Figure 4.38. Description of the flame propagation in a channel of width 2𝑅𝑐ℎ , where obstacles
of length 𝛼𝑅𝑐ℎ have been included, considering isothermal wall conditions.
In this configuration, the flame propagation is also enhanced by the expansion of the burned gas
in the regions between obstacles or ‘pockets.’ As the burning of the fuel mixture in the pockets is
completed, the flame propagating along the channel has already moved downstream. The
volumetric expansion of the burned gas in the pockets results in a delayed force enhancing the
flame propagation, which added to the expansion of the burned gas in the center of the channel,
produces an intense jet flow in the channel core. If the channel walls are isothermal, the heat
exchange at the walls modifies the temperature of the fuel mixture in the pockets and,
consequently, the volumetric expansion of the burned gas in it.
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In principle, the intense jet propagation generated in this tooth-brush configuration is related
mainly to a laminar combustion regime. The obstacles are placed very close to each other,
making the formation of eddies in the center of the channel difficult. The flame velocities
obtained in this configuration depend on structural parameters such as the channel width,
obstacle size, and the distance between obstacles, as well as on the thermal conditions at the
walls. In this section, the intensity of the flame propagation is investigated in relation to these
parameters. First of all, the flame velocities are investigated in relation to the size of the obstacle,
since it is this variable which makes the configuration distinctive from the ‘smooth’ wall
scenario studied in Section 4.1.

4.2.1 Obstacles Size Effect on the Flame Propagation
The obstacles size is characterized by the blockage ratio 𝛼 ( 0    1 ), which relates the length of
the obstacles to the channel width as 𝑙𝑜𝑏𝑠 = 𝛼𝑅𝑐ℎ , where 𝑅𝑐ℎ is half the width of the channel.
This parameter influences the flame dynamics basically in two manners: (i) it identifies (along
with the distance between obstacles) the region where the delayed burning occurs, and (ii) it
determines the channel unobstructed section, which modifies the elongation of the flame surface
as it propagates along the channel centerline.
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Figure 4.39. Flame velocities obtained in obstructed channels with different blockage ratios.
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Figure 4.39 shows the scaled flame propagation velocity versus the scaled time 𝜏 = 𝑡𝑈𝑓 /𝑅𝑐ℎ ,
observed in obstructed channels at various blockage ratios 𝛼. It is shown that the flame
propagation varies significantly with 𝛼, and more clearly within a certain range. Specifically,
while the flame velocity does not change much as the obstructed section is raised from 11% to
25%, (blue, 𝛼 = 1⁄4, green, 𝛼 = 1⁄5 , and magenta, 𝛼 = 1⁄9 lines), a significant acceleration
is observed when the obstacles occupy more than 50% of the channel section (𝛼 = 1⁄2 and 𝛼 =
2⁄3). It is nevertheless noted that the flame velocity trends exhibit an exponential behavior
versus time even when smaller obstacle sizes are in place.
The tendency is similar when channels of different widths are considered. Figures 4.40 and 4.41
compare the flame velocities in channels with different widths (𝑅𝑐ℎ = 20𝐿𝑓 in Figure 4.40 and
𝑅𝑐ℎ = 30𝐿𝑓 in Figure 4.41), and various blockage ratios. In these cases, in addition to the
scenarios given by 𝛼 = 1⁄5 and 𝛼 = 1⁄2, much smaller blockage ratios have been included;
namely, 𝛼 = 1⁄20 and 𝛼 = 1⁄15. The flame velocities associated to the smaller obstacles does
not differ much from, for example, the 20% obstruction case provided by 𝛼 = 1⁄5. Therefore, it
can be concluded that the flame velocity is enhanced by the obstacles, but a more efficient
enhancement is observed when long enough obstacles are in place.
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Figure 4.40. Flame tip velocities obtained in obstructed channels with different 𝛼, 𝑅𝑐ℎ = 20𝐿𝑓 .
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Figure 4.41. Flame tip velocities obtained in obstructed channels with different 𝛼, 𝑅𝑐ℎ = 30𝐿𝑓 .
An interesting result observed in Figure 4.40 and 4.41 is that the flame velocities do not change
significantly when increasing the channel width. This observation is extended in the next section,
where some qualitative differences from the ‘smooth’ channel case are started to be noticed.

4.2.2 Effect of the Channel Width
When ‘smooth’ unobstructed conditions are considered at the channel walls, the flame dynamics
exhibit a strong dependence on the channel width. This is related to the fact that it is the pipe
width that determines how big the boundary layer thickness produced by the nonslip conditions
is as compared to the flame front surface, and how far the hotter regions of the burned gas/flame
front is from the walls. However, when obstacles are included into the system, the story seems to
be different. Figure 4.42 presents the time evolution of the flame propagation observed in
channels of different widths. The flame tip position along the centerline of the pipe has a similar
trend as the channel width is reduced from 60𝐿𝑓 to 40𝐿𝑓 , considering either a 20% or 50%
blockage ratio (𝛼 = 1⁄5 and 𝛼 = 1⁄2).
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Figure 4.42. Evolution of the flame tip position in a channel considering different widths.
Since the flame propagating along the axis is kept out of the walls by the obstacles, this result is
not necessarily surprising. Indeed, the flame propagation occurs through the free part of the
channel section, therefore, narrower channels produce faster propagations due to the larger
stretching of the flame surface. However, such a propagation enhancing is mitigated by the fact
that the pocket region is characterized as a fraction of the channel width (𝛼𝑅𝑐ℎ ), determining
smaller pockets for narrower channels. This generates a weaker contribution of the delayed
volumetric expansion in the pockets to the flame propagation when 𝑅𝑐ℎ is smaller. The
proportional relation between the channel width and the obstacle size leads to the conclusion that
it is possible to extrapolate the flame propagation characteristics observed for a certain R ch
value, to a different channel width, if the blockage ratio is the same.
These cases are related to obstacles closely placed at the walls, with the spacing between them
varying from 10% to 20% of the channel width (Δ𝑍⁄𝑅𝑐ℎ = 0.2 − 0.38). The ‘tooth-brush’
configuration was suggested to promote quasi-laminar regimes on the flame propagation due to
the proximity between obstacles. In the next section, the separation is increased, and the effect of
this extension is evaluated in relation to the attained flame velocities and burning regimes.
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4.2.3 Obstacle Separation Effect
The spacing between neighboring obstacles is another important parameter in obstructed pipes.
Along with the blockage ratio, it identifies the pocket volume where the delay burning occurs. In
addition, this parameter modifies the vertical flame propagation occurring in the pockets, along
the obstacle surface. Figures 4.43, 4.44 and 4.45 show the flame propagation velocities when
multiple obstacles spacing are considered, Δ𝑍⁄𝑅𝑐ℎ = 0.2; 0.6 and 1. These figures, in turn,
include different blockage ratios, namely, 𝛼 = 1⁄5 in Figure 4.43, 𝛼 = 1⁄2 in Figure 4.44 and
𝛼 = 2⁄3 in Figure 4.45, keeping the channel width constant for all the cases.
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Figure 4.43. Flame velocities in obstructed channels, considering different obstacle separations.
Figure 4.43 shows not significant difference in the attained flame velocities. All three curves
demonstrate an exponential acceleration, with a smoother behavior as the spacing gets bigger,
that can be related to the lower frequency at which the flame ‘finds’ an obstacle. Only a minor
transition is noticed for the larger separation case (Δ𝑍⁄𝑅𝑐ℎ = 1, blue line), which initially
provides a slower flame propagation, but ends up giving a slightly faster one. In Figure 4.44, this
transition becomes more evident, as the blockage ratio is increased from 𝛼 = 1⁄5 to 𝛼 = 1⁄2. In
this case, the velocity trend when Δ𝑍⁄𝑅𝑐ℎ = 1 has an oscillating behavior, accelerating with
respect to the smaller obstacles separation cases. When the obstacle size is further increased
(Figure 4.45), it is not only the larger spacing that shows an oscillating trend but the intermediate
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spacing size too (Δ𝑍⁄𝑅𝑐ℎ = 0.6, red line), which seems to indicate a transition to a more
unstable flame propagation regime.
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Figure 4.44. Flame velocities in obstructed channels, considering different obstacle separations.
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Figure 4.45. Flame velocities in obstructed channels, considering different obstacle separations.
These observations are extended in Figure 4.46, by looking at the temperature distribution of the
flames propagating in channels with three obstacle separations, and same blockage ratio (𝛼 =
2⁄3). Figure 4.46a includes the obstacle spacing Δ𝑍⁄𝑅𝑐ℎ = 0.38, where a laminar propagation is
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observed in the horizontal direction, with the flame distorting vertically as it ‘hits’ the obstacles.
By raising the separation between obstacles to Δ𝑍⁄𝑅𝑐ℎ = 0.6 (Figure 4.46b), the flame shape
becomes distorted along the channel center, and the erratic behavior is stressed in the vertical
direction. In Figure 4.46c, the separation between obstacles is increased to Δ𝑍⁄𝑅𝑐ℎ = 1, and the
propagation becomes turbulent, with the flame front further distorted and discontinued. This
transition explains the oscillating flame velocity observed in Figure 4.45 as the obstacles spacing
increases, which results from the larger flame surfaces attained in turbulent combustion regimes.

a)

b)

c)
Figure 4.46. Temperature distribution in obstructed channels (upper half shown), 𝑅𝑐ℎ = 24𝐿𝑓 ,
𝛼 = 2⁄3, and different spacing: a) Δ𝑍⁄𝑅𝑐ℎ = 0.38, b) Δ𝑍⁄𝑅𝑐ℎ = 0.6, and c) Δ𝑍⁄𝑅𝑐ℎ = 1.
Having explored the geometrical variables of the obstructed channel and their effect on the flame
shape and velocity, it seems interesting to extend the analysis to the effect of heat exchange at
the walls. The procedure is similar to that of unobstructed channels, namely, isothermal
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conditions are considered at the walls, with the obstacles behaving adiabatically, since the
thermal capacity of such thin elements is expected to be negligible.

4.2.4 Isothermal Walls Effect
The thermal boundary condition, added to the system by isothermal walls, does not have the
importance observed in smooth-walled channels. Similarly to the case described when varying
the channel width, the walls do not interact with the flame noticeably. The vertical flame
propagation through the pockets occurs in a much slower pace than the horizontal one along the
channel centerline, since the propagation in the pockets is produced from an open end to a wall,
restricted by the burning gas as it expands in the opposite direction. Therefore, the flame reaches
the wall subjected to a constant temperature at a later stage, resulting in a poor contribution of
the thermal energy exchanged at the walls on the flame propagation.
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Figure 4.47. Flame tip velocities obtained in obstructed channels considering different wall
thermal conditions: isothermal conditions (solid) and adiabatic conditions (dashed).
In Figure 4.47, the minor importance of the heat exchange at the walls is shown by comparing
channels with adiabatic and isothermal walls, including different blockage ratios: 𝛼 = 1⁄4, 𝛼 =
1⁄2 and 𝛼 = 2⁄3. The trends change basically with the obstacle size, even though the wall
temperature considered is high, 600𝐾. The conclusion is reinforced by the results shown in
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Figure 4.48, where in addition to the adiabatic condition, the obstructed channel has been
exposed to three wall temperatures, starting with the cold condition 298𝐾, including 600𝐾 and
1000𝐾. The major difference is given by the 𝑇𝑤 = 1000𝐾 case, where a 15% increase in the
flame propagation velocity respect to the adiabatic case is observed.
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Figure 4.48. Flame tip velocities in a channel considering different wall temperatures.
Figure 4.49 shows a comparison of the gas flow produced at isothermal and adiabatic conditions.
Although a gradient of temperature is established in the isothermal case within the pockets, the
generated flow is conceptually the same in both cases. A flow circulation is produced as the
propagating flame compresses the unburned gas against the wall, which is added to the central
region, transferring momentum to the flame propagation therein. Moreover, the flame propagates
along the channel in a laminar fashion, since the vortices generated in the pockets do not
elongate or distort the flame surface area in the channel center.
In this respect, it can be concluded that the thermal energy transfer at the walls does not modify
the flame morphology and dynamics significantly. Obviously, this includes the extreme
conditions for flame extinction and stretching along the walls observed in smooth wall channels.
Therefore, the geometrical boundary conditions controlling the momentum exchange at the
channel walls are the key parameters in this configuration.
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a)

b)
Figure 4.49. Instantaneous temperature distributions and streamlines describing the flame
propagation in an obstructed channel given by 𝑅𝑐ℎ = 20𝐿𝑓 , 𝛼 = 1⁄2, Δ𝑍⁄𝑅𝑐ℎ = 0.2.
a) 𝑇𝑤 = 1000𝐾, b) adiabatic walls.
It is noticed that the intense flame acceleration observed in obstructed channels depends on the
geometry of the pocket, as defined by the blockage ratio 𝛼 and the distance between obstacles
∆Z. The flame velocity can be decreased significantly by considering smaller obstacles sizes,
given a moderate separation between obstacles. However, the flame acceleration is not
effectively reduced when the obstacle size considered is smaller than a certain value, e.g. 𝛼 =
1⁄9 for the conditions specified in Figure 4.39. In the next section, small obstacle sizes are
studied giving emphasis to the later stages, which will also help to identify the limitations of the
geometrical conditions impact on the flame dynamics.

4.2.5 Finger Flame Limit
In Section 4.2.1, it was discussed how the blockage ratio can modify the velocity of the flame
propagating in the central region of the channel. Indeed, it was shown in Figure 4.39 that once
the obstacle size is reduced to a certain point (e.g. 25% of the channel width), further reduction
of the blockage ratio does not provide significant influence on the flame velocity. This tendency
is explored in Figure 4.50, by considering smaller blockage ratios, 𝛼 = 1⁄40 and 𝛼 = 1⁄20,
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with the obstacle separation being Δ𝑍⁄𝑅𝑐ℎ = 0.6. The flame velocity grows exponentially with
time until 𝜏~0.27, where the onset of a much weaker propagation is noticed. Then, the velocity
trends are replaced by slower (linear) velocities, which slope is smaller as the blockage ratio is
reduced. In the case of 2.5% blockage ratio, 𝛼 = 1⁄40, this change is significantly more abrupt
than that for 5% blockage ratio, 𝛼 = 1⁄20, including a stage of a quasi-steady flame propagation
and even a slight velocity reduction, before the initiation of the linear trend. To understand the
reason for such a change in the flame propagation, it is necessary to recall the conditions at
which the process is been produced, with a special attention to the manner it is initiated.
The combustion event starts with a spherical flame embryo at the channel centerline. As a result,
the flame front propagates in the obstructed channel with slip surfaces. These are the same
conditions considered to obtain the so-called finger flame propagation, with the difference that
the latter is observed in unobstructed channels (Section 2.4). The finger flame model is
characterized by a strong acceleration at the beginning, which is terminated once the flame skirt
reaches the channel walls. In Figure 4.50, a similar behavior is observed, with a reduced velocity
at the later stage. By considering small blockage ratios, the channel tends to approach the smooth
wall scenario, even though the separation between obstacles is 1/3 of the channel width.
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Figure 4.50. Flame tip velocities obtained in a channel considering small blockage ratios.
The finger flame propagation characteristics observed in the obstructed configuration is
illustrated in Figure 4.51, considering 𝛼 = 1⁄20 and Δ𝑍⁄𝑅𝑐ℎ = 0.6. Initially, the flame
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propagates in two directions: along the channel centerline, and towards the wall, in a much
slower manner. Since the pockets formed in these conditions are quite small, they do not
contribute to enhance the flame propagation in the channel center significantly, providing slower
flame propagation as compared to those shown, for example, in Figure 4.39. Moreover, there is
less gas expanding in the pockets, which results in a poorer resistance to the vertical flame
propagation. As a result, the flame reaches the channel walls before the flame tip can propagate
much further, generating also fewer ‘new’ pockets ignited.

a)

b)

c)

d)

Figure 4.51. Temperature distribution describing the finger flame limit in obstructed channels,
𝑅𝑐ℎ = 24𝐿𝑓 , 𝛼 = 1⁄20, Δ𝑍⁄𝑅𝑐ℎ = 0.6. a) τ = 0.228, b) τ = 0.287, c) τ = 0.351, d) τ = 0.386.
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But the most important consequence of having the flame reaching the channel walls is the
associated flame surface reduction. The flame surface that was constantly increasing along the
process (much more than, for example, when propagating in smooth channels initiated by a
planar ignition), experiences this reduction once the combustion has been completed in the
pockets. The flame surface reduction is produced progressively, starting with the pockets ignited
earlier, and it is the responsible for the deceleration observed in the later stages of the process.
Therefore, the importance of including obstacles at the channel walls relies also on the way they
delay the flame surface reduction at the walls by restricting the vertical flame propagation,
allowing a sustained flame acceleration that differs from that given by the finger flame model,
which is also very intense, but limited in time.

4.2.6 Discussion
While examining the effects of structural and thermal boundary conditions on the combustion
process, some observations have been made in terms of combustion regimes, flame propagation
velocities, and dimension limitations. In this section, these observations are extended to include a
more detailed analysis, which include the quantification of such effects.

4.2.6.1 Laminar versus Turbulent Regimes
It was shown in Figure 4.46 how certain pocket dimensions can produce conditions for turbulent
combustion. By increasing the obstacles spacing and length, the flame propagation tends to be
more random, and a significant enhancing in the associated flame velocity is obtained. Certainly,
the combustion process is expected to reach turbulent regimes as a result of the intense
acceleration, if the process continues in this obstructed configuration. For the early stages studied
here, however, some questions can be formulated regarding this early transition. For example, is
it possible to determine when the transition will occur for a given pocket size? Also, what pocket
dimensions promote it?
To address these questions, the numerical results have been compared to those given by an
analytical formulation, which was derived considering a laminar flow approximation [42].
Specifically, the evolution equation for the flame tip position reads:

dZ f , channel
dt



(  1)U f
(1   ) R
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Z f , channel  U f ,

(24)

with the solution as shown in Section 2.6

Z f , channel
(1   ) R








exp( U f t / R)  1 ,
 1

(9)

where 𝜎𝑐ℎ𝑎𝑛𝑛𝑒𝑙 = (Θ − 1)⁄(1 − 𝛼), Equation 11, describes the exponential flame acceleration
rate. In the numerical simulations, the flame tip position (𝑍𝑓,𝑐ℎ𝑎𝑛𝑛𝑒𝑙 ) is determined by 𝑅𝑡 and the
‘radius’ 𝑅 (half-width) of the channel by 𝑅𝑐ℎ . In both cases, the planar flame velocity is given by
𝑈𝑓 , Θ is the thermal expansion coefficient and α is the blockage ratio.
The comparison is initiated in Figure 4.52, considering different blockage ratios 𝛼 =
2⁄3 , 1⁄2 , 1⁄5 with the obstacles spacing Δ𝑍⁄𝑅𝑐ℎ = 0.38. For such proximity between
obstacles, the laminar approximation agrees with the simulations quite well, especially for
moderate 𝛼 values. Also, the generation of turbulent combustion may be inferred when the
obstacle length is increased (𝛼 = 2⁄3), where a deteriorated agreement is noticed. These results
demonstrate the faster transition from laminar to turbulent regimes produced as the blockage
ratio is increased, which complement the flame behavior observed in Figure 4.46.
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Figure 4.52. Flame velocities calculated numerically and analytically (Eq. 24), Δ𝑍⁄𝑅𝑐ℎ = 0.38.
In Figure 4.53, the same blockage ratios are examined for a larger separation, Δ𝑍⁄𝑅𝑐ℎ = 0.6. By
raising the width of the pockets, turbulence is enhanced, and the agreement between analytical
and numerical results deteriorates even for a smaller blockage ratio, 𝛼 = 1⁄2. Moreover, the
numerical simulations provide larger velocities than that predicted by the laminar theory when
turbulence is generated, which agrees with a more intense combustion process associated with
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turbulent regimes. Also, it is noticed that even with this larger separation between obstacles in
place, a quasi-laminar propagation is still possible, as shown by the blue line, 𝛼 = 1⁄5.
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Figure 4.53. Flame velocities calculated numerically and analytically (Eq. 24), Δ𝑍⁄𝑅𝑐ℎ = 0.6
In principle, the transition from laminar to turbulent combustion regimes was associated with the
lack of similarity between numerical and theoretical results. However, this can be corroborated
by the associated temperature snapshots and streamlines, as seen in Figure 4.54:

a)

b)

Figure 4.54. Temperature distribution and streamlines describing laminar and turbulent flame
propagation regimes. 𝑅𝑐ℎ = 24𝐿𝑓 , Δ𝑍⁄𝑅𝑐ℎ = 0.6, a) 𝛼 = 1⁄5, b) 𝛼 = 1⁄2.
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Figure 4.54 compares the cases associated with the red and blue solid lines in Figure 4.53. It is
noticed how the generated gas flow changes when increasing the obstacle length. To be specific,
small obstacles promote vortices within the pockets, however, the confinement restricts the
vortices length, and thereby the momentum transferred to the flame surface, expressed in the
moderate distortion that the flame shape exhibits (Figure 4.54a). On the contrary, larger obstacles
generate the necessary space for the development of bigger eddies in the pockets, which
corrugates and distorts the flame surface more intensely, as seen in Figure 4.54b.
The turbulence generation is enhanced when the separation between obstacles is further
extended, as seen in Figure 4.55. It shows the flame velocities generated in channels with the
blockage ratios considered in Figures 4.52 and 4.53, but with a larger separation, Δ𝑍⁄𝑅𝑐ℎ = 1.
In this case, the numerical results deviate from the laminar prediction earlier for the blockage
ratios 𝛼 = 2⁄3 and 𝛼 = 1⁄2. However, the transition from laminar to turbulent still is not
produced when the obstacle length is kept small (𝛼 = 1⁄5, blue line).
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Figure 4.55. Flame tip velocities found numerically and analytically (Eq. 24) for various 𝛼.
Figure 4.56 shows the temperature distribution and the streamlines describing the cases
represented by the blue and red lines in Figure 4.55. It is seen that the flame becomes more
corrugated towards the walls in both cases as compared to Figure 4.54, and the length of the
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generated eddies proportionally enlarged. At this point, it seems that the flame corrugation and
the possibility of a turbulent combustion regime depend on the blockage ratio rather than on the
distance between the obstacles. The vertical length of the generated eddies determines the
momentum transferred to the flame surface that can effectively distort it. In the horizontal
direction, this momentum exchange basically produces a shear force on the flame surface, which
does not corrugate it significantly.

a)

b)
Figure 4.56. Temperature distributions and streamlines describing the laminar and turbulent
regimes obtained in obstructed channels. 𝑅𝑐ℎ = 24𝐿𝑓 , Δ𝑍⁄𝑅𝑐ℎ = 1, a) 𝛼 = 1⁄5, b) 𝛼 = 1⁄2.
The fact that the laminar regime is preserved when small obstacles are employed (e.g. 𝛼 = 1⁄5),
even for the larger obstacles separations, provides an important parameter value to establish the
limit between the laminar and turbulent regimes. In the next section, the numerical results are
used to identify three regimes of flame propagation in obstructed channels, where the finger
flame limit, observed for very small blockage ratios, is also included.

4.2.6.2 Flame Propagation Regimes in Obstructed Channels
The results of the present parametric study have been used to identify three domains, describing
the regimes at which the flame propagates in obstructed channels in early stages: (i) turbulent
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regime, (ii) laminar regime, and a third one establishing the limit for the sustained acceleration of
this mechanism: (iii) finger flame limit. These regions, in turn, are based on the parameters
defining the pockets geometry; namely, the obstacles separation Δ𝑍, and the obstacle length,
given by the blockage ratio 𝛼.
In a recent work [65], the flame acceleration obtained in obstructed pipes with very small
blockage ratios has been found to be proportional to the acceleration rate σ, given by

 


2
1
,
1 
   (  1) 

(25)

from which it is possible to obtain the critical obstacle size at which the strong flame acceleration
in the obstructed scenario can be supported, before turning to the finger flame model. This limit
is seen at σ = 0, where the corresponding critical blockage ratio is found as
c 

1
.
 1

(26)

The result given by Equation 26 has been included in the proposed diagram (Figure 4.57),
based on the thermal expansion coefficient considered in these simulations, Θ = 8.

Figure 4.57. Flame regimes in obstructed channels. Analytical prediction given by Eq. 26.
The diagram above shows the generation of turbulent flames for large blockage ratios, and for
smaller ones in case the separation between obstacles is increased. Laminar regimes are observed
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for smaller blockage ratios, within the range of obstacles separation considered in this study. In
addition, the critical blockage ratio 𝛼𝑐 (Equation 26), yielding the limit at an exponential flame
acceleration is produced, is close to the finger flame limit observed in the simulations.
To conclude, obstructed channel conditions have been observed to determine strongly
accelerated flame propagation. In this sense, a better indication of this ‘strength’ can be found by
comparing the attained flame velocities to that produced as a result of the wall friction,
investigated in Section 4.1 for adiabatic and isothermal conditions. In this case, the comparison
between these two mechanisms of flame acceleration is performed considering adiabatic walls.

4.2.6.3 Flame Acceleration Comparison: Obstacles vs Wall Friction
The flame velocities produced in obstructed and in nonslip wall conditions have an exponential
character, as shown in Figure 4.58 and 4.59. Since the channel width is relevant for the frictional
mechanism, it was necessary to consider smooth channels where the widths were the height of
the free part of the obstructed channels. The smooth channel width was then calculated as W𝑐ℎ =
2R 𝑐ℎ (1 − 𝛼), where R 𝑐ℎ = 24L𝑓 is half the width of the obstructed channels. Therefore, the
obstructed scenarios given by 𝛼 = 2⁄3 (black line), 𝛼 = 1⁄2 (red line) and 𝛼 = 1⁄40 (blue
line) were compared to smooth channels 16𝐿𝑓 , 24𝐿𝑓 and 46.8𝐿𝑓 width, respectively.

Rt/Rch

Rch= 24Lf , Z/Rch= 0.2

0

10

0

0.05

0.1



0.15

0.2

Figure 4.58. Flame tip position obtained in obstructed (solid) and in ‘smooth’ channels (dashed).
Black: 𝛼 = 2⁄3, W𝑐ℎ = 16L𝑓 ; red: 𝛼 = 1⁄2, W𝑐ℎ = 24L𝑓 and blue: 𝛼 = 1⁄40, W𝑐ℎ = 46.8L𝑓 .
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Figure 4.59. Flame tip position obtained in obstructed (solid) and in ‘smooth’ channels (dashed).
Black: 𝛼 = 2⁄3, W𝑐ℎ = 16L𝑓 ; red: 𝛼 = 1⁄2, W𝑐ℎ = 24L𝑓 and blue: 𝛼 = 1⁄40, W𝑐ℎ = 46.8L𝑓 .
The comparison shows much faster flame propagation in obstructed channels, at the two
obstacles spacing considered, Δ𝑍⁄𝑅𝑐ℎ = 0.2 (Figure 4.58) and Δ𝑍⁄𝑅𝑐ℎ = 1 (Figure 4.59). At a
given time, the flame tip position, 𝑅𝑡 , can be calculated in relation to the thermal expansion Θ,
the planar flame velocity 𝑈𝑓 and the total propagation flame velocity respect to the fuel 𝑈𝑤 , as:

dR t
U
 w ,
d
Uf

(27)

where 𝜏 = 𝑡𝑈𝑓 ⁄𝑅𝑐ℎ . By considering the exponential trend produced by the two mechanisms, the
flame tip position can be expressed as:

R t


 exp(   )  1,


(28)

Therefore, the strength of the acceleration is given by the value of the acceleration rate 𝜎. The
acceleration strength parameter 𝜎 is presented in Figure 4.60, versus the blockage ratio at fixed
obstacle separations and the corresponding smooth channel widths. It is seen that the flame
acceleration rate is an order of magnitude larger for obstructed channels as compared to smooth
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channels, proving the ultra-fast flame propagation that can develop by including this structural
change on the system boundaries.
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Figure 4.60. Comparison of the flame acceleration produced by obstructed and frictional walls.
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5. Conclusions and Future Work
5.1

Conclusions: ‘Smooth’ Pipes

The effects of isothermal boundary conditions on the flame propagation dynamics have been
investigated numerically. The variables explored in the parametric study included adiabatic and
isothermal wall conditions, the fuel thermal expansion and the channel width. The isothermal
condition was employed at different wall temperatures, varying from the ‘cold’ wall condition
300𝐾 (i.e. the room temperature) to the high wall temperature 1200𝐾. The considered channel
widths varied from 10𝐿𝑓 to 60𝐿𝑓 , where 𝐿𝑓 is the flame thickness. In turn, the fuel mixture was
characterized by the thermal expansion coefficient values Θ = 5 − 10, with Θ = 𝜌𝑓 ⁄𝜌𝑏 .
The flame velocities obtained in isothermal pipes were much slower than that obtained in
adiabatic pipes. While adiabatic walls provide conditions for an exponential increase in the flame
velocity with time, the isothermal walls allow at most a linear acceleration, when colder wall
conditions are in place.
It was nevertheless noticed that isothermal conditions can produce a corrugation on the flame
front independently of the non-slip condition at the walls. This corrugation is the result of forcing
the walls to be at a certain temperature along the process, quenching the flame front and reducing
the burned gas temperature next to it.
Larger flame corrugations are observed to occur when colder walls are in place. This elongation
is initially comparable with that produced at adiabatic conditions, but unlike the adiabatic case,
the flame does not continue stretching with time, but provides a flame front shape that remains
steady afterwards.
The flame corrugation is reduced as the wall temperature increases; the corrugation occurs until a
high enough temperature is reached, where the flame starts stretching along the wall. In the latter
case, the associated flame velocity becomes very large, but with an unstable behavior, including
a dramatic reduction once the flame vertical expansion fills the channel section completely.
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The linear flame acceleration rate, when produced in channels of width 20𝐿𝑓 for the fuel mixture
characterized by Θ = 7, depends on the wall temperature in a near quadratic fashion. The
acceleration slope can be reduced by 50% when raising the wall temperature from 300𝐾 to
400𝐾, with an almost constant value when the walls are kept at 600𝐾.
The thermal expansion coefficient Θ has demonstrated the capacity of modifying the flame
propagation velocity by setting the thermal energy limit available in the system, released by the
flame front as the combustion reaction takes place.
The channel width can also modify the propagation velocity by determining how far the
isothermal walls are from the inner region of the burned matter. This length determines how
large the flame corrugation is as compared to the pipe section, and how efficient the post-cooling
of the burned gas is, which modifies the volumetric expansion of the burned gas, an important
force promoting the flame propagation.
Four distinctive flame propagation regimes have been identified in isothermal wall conditions,
for flame propagation distances around 100𝐿𝑓 − 150𝐿𝑓 : (i) no flame propagation or flame
extinction; (ii) linear acceleration of the flame front; (iii) weak flame acceleration or almost
steady flame propagation; and (iv) oscillating behavior of the flame propagation velocity.
At later stages, the combustion event experienced an extinction process in isothermal pipes. The
cooling produced by the isothermal surfaces at 300𝐾 led to a contraction of the burned gas
volume, which produced the backwards displacement of the flame front towards the closed end.

5.2

Conclusions: Obstructed Configuration

The addition of obstacles to the walls of the channel has also been investigated. The study has
been performed in relation to the effect that the geometric parameters as well as the thermal
boundary conditions produce on the flame dynamics.
The length of the obstacles, characterized by the blockage ratio α, can modify the flame
propagation velocity significantly. The relation between this parameter and the attained flame
acceleration is directly proportional, namely, the acceleration rate 𝜎 increases linearly with the
obstacle size with a value Δ𝜎~1 − 2.5 per 0.1𝑅𝑐ℎ increase of the obstacle length, for blockage
ratios α < 0.5, and Δ𝜎~3 − 5 for α > 0.5.
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The obstacles-based flame acceleration mechanism has demonstrated to be independent of the
channel width, for the conditions investigated.
The flame dynamics also depends on the separation between obstacles (ΔZ) significantly. It has
been observed that large enough separations provide conditions for turbulent regimes (i.e.
ΔZ⁄𝑅𝑐ℎ > 0.6 for α = 2⁄3), leading to faster flame propagation (~40% velocity increase in a
τ = 0.05 period after the transition from a laminar regime, for ΔZ⁄𝑅𝑐ℎ > 0.6, α = 1⁄5).
The thermal boundary condition given by isothermal walls does not change the flame dynamics
significantly (~15% peak velocity variation). The flame propagation along the axis is mainly
produced far from the walls, and the heat gained by the fuel mixture in the pockets does not
show an important effect on the fluid dynamics of the flow generated therein.
As the obstacles become smaller, the flame evolution approaches the finger flame model. This
has been determined to occur when a blockage ratio smaller than 5% of the channel width is
considered.
The transition from laminar to turbulent flame propagation regimes depends on the geometry of
the pockets, formed by the obstacles and the channel walls. This transition is more easily attained
when longer obstacles are in place. Also, the transition is possible when shorter ones are
considered, but bigger obstacles spacing are necessary (ΔZ⁄𝑅𝑐ℎ > 0.6). The transition can be
delayed and even not produced at these stages if small enough obstacles are included, since the
pockets do not provide the necessary space for the formation of vertically long eddies that can
distort the flame surface.
The flame propagation in the obstructed channel configuration is much faster than in nonslip
‘smooth’ channel one. The associated acceleration provided by the obstacles mechanism is one
order of magnitude bigger than the frictional one, for comparable conditions.
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5.3

Future Work

This study, in the opinion of the author, can be extended in the following directions:
Applying the isothermal boundary conditions to the finger flame model. The author thinks it will
produce a significant change on the flame dynamics in this scenario, as a result of the quenching
produced at the walls, which in the absent of nonslip conditions, would produce a more sustained
flame propagation.
Incorporating a variable heat transfer flux to the channel walls. This process would provide the
intermediate cases between the adiabatic and isothermal conditions, given scenarios that can be
more easily achieved in experiments, and offering a desired ‘flexibility’ to study the heat transfer
interaction with other flame parameters.
Modifying the obstacle configuration in such a way that new obstacle geometries can be
mounted on the system. The analysis can be greatly extended by modifying the obstacles shape,
size and distribution. Some of them are currently observed in technical applications, including
the mounting of the obstacles on the top or on the bottom boundary only.
Extending the parametric study to axisymmetric obstructed tube configurations. Although no
major differences are expected, as seen in the ‘smooth’ configuration, the larger flame front
surface area obtained in the cylindrical case should be studied in relation to the parameters
discussed in this study.
Including variable planar flame velocities at the two conduit configurations. These can represent
a number of situations where the planar flame velocity respect to the fuel mixture is not constant,
e.g. a system including dust particles, inert or reacting.
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